
Un c lass i f ied
~~~ SECU~~IT~V CLA$ $ Iy ICATI ON OF 1~ 4IS P~ 9E (WI~on D.ia t.ff.t.d) 

__________________________________

D~~b~~fl1 I I u F .1~~~A T I ~~ kI ØA~~~~ READ INSTRUC1IO*1S
fl~~ T~~~~ % U U~~ 1M~~ f l  ~~~ ~~~~ BEFOR E COMPL.ETUIO FORM

1~~~~tPO~~T NUMIE~ 2. GOVT ACCESII ~ECIPIEN? S CATALOG NuM~ E~

$ *• TITLE (ond ~~6U1I.) ~~~~ Y~ E or ~ EPO~~T S PE~~ipO çov~~~co

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  
Structure -t // M u l t i p l y  Ionized Heavy Ions and Associated ~~~~ rc~~ ~

~~~ / Co l l i s i o n  Phenomena ’!.- —~~~~ iso o~a. NuM•E~

C’~ 
— - 77~~7 ~~~

~~. AUTN O~ (s) - . CONtRACT o~ GIANT NUNUtR(.)

~~ . ,  

_ _  _ _  
(~~~~~~~~~ l4 75 C~~~ 74~~~~~ .-

L P (~ PO~ MING 0~ GA NIZAT ION NAM E AND ADO~ ESS ~~ 10. P~~OG~~AM ILEMENT~ PROJECT . TASK

~~~~~~~~ 

. . A REA S WORK UNIT NUN WERS
The Un ive r s i ty  of lennessec

~~~ Departmen t of Physics  ~ Astronomy
~~ K n o x v i l l e , Tenn es see 37916 

___________________________

*1. CONTROLLINS OccICE NAV E. AND ADORtSS 7 . ~~~nir.n~~~~t.
ONR Resident Representative (!!...... L.1ati&~~~-~~m7 ~~~~~~~~~~

- . P. 0. Box 1247
>- Huntsvi l le ,  Alabama 35807 __________________________

13 MONITORING AGE.NCV MANS I AOOREI$(It ~~ft.,onf Iron, C*ntruflffi4 Offic.) II SECURITY CLASS. iEpoVS)

Unclassified

15~. oECLASSIrIC ATION/DOWNGNA DINO

/ 
t..u SCHEDULE NA

• IS. O$STRIUUTION STATEMENT (of U.do R.pon~)

I ) i s t r i b u t i o n  of t h i s  u n c l a s s i f i e d  report is u n l i m i t e d  for any purpose
o t e .. . ,overnment .

• 4~ I?. GIST RISUTION STATEMENT (of U,. ob.troc t ont.,.d In h ock 30. II dIff.unt Iron, R.po f)

NA 

n~- 
Pp c

1 ~~~~~~~ r ’- r—~
IS. SUPPLEMENTARY NOTES 

f 
-

~~ 

—

~

- 

~~~ 1

NA ~~~~~~~~~~~~~~~ :~, ~,111v WORDS (ConlMu. on ,.v.r.. .I~. If on .. .y .,d Iánlffi’ by bI..A .w Ssr) P.
NA

20 AWS1 RACY (ConUon. on of~~ H ons•.o y ,d IdonU~~ by W..& n 5.,)

An annual report is incorporated in combination with a renewal proposal
under the t i t l e  above .

DD11~1~ 73 1413 EDIYION OP I NOV SI ISOIOLETI 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~$/ 0102 014 6601 GECURIYY CLAUIPICATION OP tHIS PAGE 

~~~
sm • ~~ Ison~~ :

— 

. — 
__•i._____ .___•__

~ 
- - —..—- - ———--— • —— — - • _ ___ •_•%___— —-.., - •~ —



/

p
RESF.ARCII PROPOSAL AND ANNUAL REPORT

SUBMI11’El) TO THE OFFICE OF NAVAL RESEARCH

by

The Universi ty  of Tennessee , Department of Physics
Knoxvi l le , Tennessee 37916 .

Title: Structure of Mul tiply Ionized Heavy Ions
and Associated Collision Phenomena

Principal Investigator
Ivan Sellin ~~~Profe ssor of Physics \\. ~~9 9

 \~i
Department of Phys ics and Astronomy ~~~~ \i_~ 

‘
~

~~~~ f

Proposed Starting Date: 1 May 1978 Amount Requested : $57,000

Proposed Duration in Months: 12

Type of Proposal: Renewal of Contract N-00014-75-C-0474

Endorsements :

Princ ipal Invest igator Head , Department of Physics
Dr. Ivan Sellin Dr. Will ia m M. Bugg

L~~~~~ _ _ _ _ _

Professor . Professor
j (615) 974-3342 (615) 974-3342

(615) 483-8611, ext. 36461

Institut ional Administrative Official ~~~~~~~~~~~~~~~~~~~~~ ‘ .‘i;
Dr. Carl 0. Thoma s , Dean for Research Rpp~evud for ~~~~~~~Dis i b i .~:~ . .

— —5-

iaduate Studies and Research
(615) 974-3466

(This grant will be administered by The University of Tennessee. Dean Thomas
has the authority to discuss and negotiate this contract.)

.5— - — — --—5- - — ————
~
--.—-- -.5—5---—.— .5 - - - — 

_ _1—
~~ ~~~~~~~~~~~~~~~~



S

Table of Contents

Page

Abstract and Summary Work Statement 1

Summary of Present , Previous , and Proposed ONR Suppor ted
Research

A. Summary of Work Accomplished in the Presen t
Contract Year 3

B. Summary of Work Accomplished in Prior
Contract Years 7

C. Synopsis of Work Accomplished in the Present
Contract Year 13
C.1. Production of Mul tiple Electron Excitation and

Ionization by Impact of Highly Charged Proj ecti le
Ion s on Light Atoms and Molecules 13

C.2. Lifetimes of Intra-Shell (~n = 0) Transitions in
n = 2 and 3 Levels of Simple , Hi ghly Charged Ion s . 25

C.3. Collisional Produc tion and Electron Spectroscopy of
Core-Excited States of the Alkali Metals and
Alkali-like Ions

C.4. Charge Exchange by Multiply Charged Ions in
Atomic and Molecular Hydrogen, He, and Ar of keV
Energies; and by Proton s of MeV Energ ies 35

CS. Zero Field Quantum Beats in Helium Projectiles
Excited in Thin Gas Targets 37

C.6. Discussion of Miscellaneou s Publications ,
Activities, and Investigations Rela ted to
ONR-supported Research Activities 42

D. Proposed Research for the Subsequent Contract Year . . . 44
D.l. Production of Multiple Elec tron Exci tation and

Ionization by Impact of Highly Charged Proj ectile
Ions on Li ght Atoms and Molecules 44

D.2. Collisional Production and Electron Spoctroscopy
of Core-Excited States of the Alkali Metals and
Alkali-like Ions 49

D.3. Co~vpletion of Lifetime and Quantum Beat Studies
in Electrostatic Fine Structure (M = 0)
Transitions in Few-Electron Metal Ions SO

D.4. Alignment in Single Collisions by a Quantum
Beat Technique 51

Rationale of the Proposed Research 52

Facilities

List of Personnel 70



S 5-—-

I

Vita of Principal Investigator  72

Other Support : Submissions Statement 93

Inst i tut ional  Participation and Budget Notes 94

Statement Concerning Unexpended Funds Under -

Curren t Contract 97

Budget 98

ii

—5- —5 - - - - — — —



1

ABSTRACT AND SUMMARY WORK STATEMENT

This proposal is for continuation of the operating support of on-going

research on the atomic structure of highly ionized ions and associated

collision phenomena. Experiments concerning multiply ionized ions in the

range Z = 3 - 36 and as broad as possible an energy range are present ly

being carried out .at . tI~e~~ ak Ridge National Laboratory, the Brookhaven National

Laboratory, The University of 5-Tenn~ssce , the Gesellschaft für Schwerionenforschung,

and occasional other sites, by a universi~)’—users’ group. This group presently

consists of three University of Tennessee faculty members, two postdoctoral

research associates , two graduate students, and a number of oceasional

collaborators from other institutions whose participation is frequent~~~The

primary objective of our research remains the study of atomic structure of

nultiply ionized heavy ions and their modes of formation and destruction in

collisions. Decay of excited states of these ions by radiative and also by

electron emission processes is the phenomena observed in carrying out these

experiments. Our principal tools are suitable sources and accelerators of

nultiply charged ions; x-ray , soft x-ray, and extreme ultraviolet spectrometers;

electron spectrometers; lasers; on-line computer gear; and a variety of

per ipheral equipment associated with these devices.~~~~~~~~
Specifically it is proposed to: (1) study multiple electron excitation

into projectile continuum states by impact of highly charged projectile ions

on light atoms and molecules; (2) study the projectile charge state dependence

of the production of Auger-emitting lithiumlike target ions by impact of

highly charged projectile ions on lighter target atoms and molecules; (3) make

delayed coincidence lifetime and quenching cross section measurements on

long-lived Auger emitting states of such multiply ionized target atoms and

molecules ; (4)to begin the study of the energy and charge state distribut ion of the
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recoil fragments in such encounters; (5) further study anomalies in the

excitation function of core-excited levels of Li in Li~ -lIe collisions;

(6) comple te analysis of the l i f et imes of electrostat ic fine structure

(L~n 0) t ransi t ions in few-electron metal  ions; (7) further examinc the

phenomenon of intensity beats in such tin = 0 t ransi t ions within  the M shell ,

particula rly for J = 1/2 upper states; (8) make measuremen ts of al ignm ent

tensor componen ts in exci ted states of atoms produced by single collision

encounters ii~ gas targets.
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DISCUSSION OF PRESENT AND PREVIOUS ONR-SUPPORT ED RESEARCH

A. List of Publications on Research Accomplished under ONR Support, 1 November
1976 to date (present contract year, in inverse chronolog ical order) :

Books , Maj or Articles in Books , Reviews :

1. Structure and Collisions of Ions and At oms, I .  A. Sellin , ed. (Springer
Verlag, Heidelberg), to be published in 1978.

2. Op. cit., Chapter 6, “Extensions of Beam Foil Spectroscopy.”

3. “Radiative and Auger Beam Foil Studies ,” in Methods of Experimental Physics,
Vol. 14, P. Richard , ed. (Academic Press, New York), to be published in 1978.

4. “Beam Foil Spectroscopy,” in Scientific American , D. Flanagan, ed.
(Scientific American, Inc., New York), to be published in 1978.

5. “The Violent Many-Electron Chemistry of Highly Charged Ions,” in Physics
News - 1977, G. Present, ed. (American Institute of Physics, New York), to
be published in 1977. -

Other Articles in Books, Major Journals, and Proceedings:

6. “The Violent Many-Electron Chemistry of Highly Charged Ions,” to be published
in Physics News - 1977, G. Present, ed. (American Institute of Physics, New
York), 1977.

7. “Observation of Quantum Beats in Gas-excited Helium Projectiles,” with J.
Bromander and L. Liljeby, submitted to Zeitschrift für Physik, 1977.

8. “Studies of Neon L-Shell Excitation by Impact of Highly Ionized Heavy Ions,”
to be published in Zeitschrift für Physik, 1977.

9. “Radiative Lifetimes of the Low-lying Levels of Na-like Copper,” to be
Wblished in Phys. Rev. A , November, 1977.

10. “Spin-dependent Excitation of Autoionizing States of Li Produced in Collision s
with Noble Gas Targets,” in Proceedings, Tenth International Conference on the
Pilysics of Electronic and Aromic Collisions, M. Barat, J. Reinhardt , and
C. Watel, eds. (Com~nissariat a l’Energie Atomique, Paris), p. 1014 (1977).

11. “Neon Characteristic X-ray Production in Neon-Neon Collisions as a Function
of Incident Projectile Charge State,” in Proceedings, Tenth International
Conference on the Physics of Electronic and Atomic Collisions , M. Barat,
J. Reinhardt, and C. Watel , eds. (Commissariat a I’Energie Atomique, Par is) ,
p. 894 (1977).
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12. “Recoil Ion Spectroscopy in the XUV — So ft X-ray Region Fol lowing Heavy Ion
Impact on Thin Gas Target s , ” in Proceedings , Tenth International Conference
on the Physics of E lec t ron ic  ~ind Atomic Collisions , M . Barat , J. Rcinhardt ,
and G. Watel, eds. (Commissariat a l’Energie Atoinique , Paris), p. 634 (1977).

13. “High Resolution Studies of Extensive Ne L-Shcll Excitation by Energetic
Heavy Ion Impact , ” in Proceed i ngs , Ten th In tern at ion a l Conference on t he
Phys ics of Electron ic and Atomi c Collision s , M. Barat , J.  Reinhardt , and
C. Watel , eds. (Commissariat a l’Energie Atornique , Paris), p. 632 (1977).

14. “Overcoming the 1)oppl er Limitation in Beam-Foil Experiment s by Target Ion
Spectroscopy,” in Proceedings, Fourth Coflference on Scient i f ic  and Indus t ri a l
Applicat ions of Small Accelerators , J .  L. Duggan and I .  L. Morgan , eds.
(Internat ional Associat ion of Electrical and Electronic Engineers , Report 76
CH 1175-9 NPS, New York), p. 319 (1977).

15. “Intensity Modulations in the Decay of the 32P112 Level in the Sodiumlike Jon ,
Cu18

~,” Phys. Rev . Lett. 38, 1471 (1977).

16. “Oscillator Strengths for In-Shell (Am = 0) Dipole Transitions in Li- and
Be-like Sulfur,” Phys. Rev . AlS , 1958 (1977).

17. “The Splitting and Oscillator Strengths for the 2s2S-2p2P0 Doublet in
Lithiu,nlike Sulfur,” Astrophysical J.  2 14 , 331 (1977) .

18. “Production of Soft X-Ray Emitt ing Slow Multi ply Charged Ions: Recoil Ion
Spectroscopy ,” Phys. Lett. 61A , 107 (1977).

19. “Proj ect i le  Charge-State Dependence in K-Shell Ionization of Neon , Silicon ,
and Argon Gases by Lithium Proj ectiles , ” Physics Lett. 60A , 292 (1977) .

20. “Charge Dependence of K X-Ray Production in Nearly Symmetric Collisions of
Highly Ionized S and Cl Ion s in Gases , ” Phys. Rev . A14 , 1997 (1976) .

21. “Radiative Lifet imes and Transition Probabilities for Electric-dipole
An = 0 Transitions in Highly Stripped Sulfur Ions,” Phys. Rev. A14, 1036 (1976).

22. “Dipole Oscillator Strengths for An = 0 Transitions in Highly Ionized Sulfur ,”
Physics Lett. 58A, 349 (1976).

Other Papers:

23. “Metastable Auger Emitter Lifetimes by a Delayed Coincidence Technique,” to
be published in Bull. Am. Phys. Soc., Nov. 1977.

24. “~.aantum Beat Method of Measuring Alignments in Single Ion-Atom Collisions,”
to be published in Bull. Am. Phys. Soc., Nov. 1977.

25. “Stark Shifts and Broadening of Auger Lines of Highly Ionized Atoms in
Molecules After Heavy Ion Impact,” to be published in Bull. Am. Phys. Soc.,
Nov. 1977.
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26. “Target Specificity Effects on the Production of Core-Excited States of Li
and Li’ for 10 to 50 kcV Collisions of Li ’ with Gas Targets ,” to be published
in Bull. Am. Phys. Soc., Nov . 1977.

27. “Decay Studies of n = 3 Transitions in Sod i umlike Bromine ,’ to be published
in Bull. Am. Phys. Soc., Nov.  1977.

28. “Lifetimes of the p 2 P 112 , 3,,2 States of Fe XX IV and t he  2s2p 3
~? 

State of
Fe XX II I ,” to be published in Bull. Am. Phys. Soc., Nov . ;77 .

29. “Li fetim es and Osc i l l a tor Strengths for ~n = 0 Dipoh Tran’~itio ns in C- , N- ,
0-, and F-like Chlorine ,” to be published in Bull. Am . Phys . Soc., Nov . 1977.

30. “Decay Me~isurements on the n = 2 States of Li- , Be- , and K-like Chlorine ,”
to be published in Bull. Am. Phys. Soc., Nov . 1977.

31. “Radiative Li fetime Measurements on the n = 2 Levels of Al Xl and P X II ,”
to be published in Hull. Am. Phys. Soc., Nov . 1977.

32. “Oscillator Strengths for the Principal Resonance Transitions i:’ Si XI and
XII ,” to be published in Hull. Am. Phys. Soc., Nov. 1977.

33. “Measurement of Ali gnments in Single Ion-Atom Collisions by a Quantum Beat
Method,” presented at the Fourth International Seminar on Ion-Atom Collisions ,
Darmstadt , Germany, July 1977.

34. Invited paper , “?kiltiple Electron Rearrangement in Heavy Ion-At om Collisions ,”
presented at the Gordon Research Conference on Atomic Physics , Wol fsborough,
New Hampshire, July 1977.

35. Invited paper , “Charge Exchange in Slow Collisions ,” presented at the Gordon
Research Conference on Atomic Physics, Wolfsborough, New Hampshire, July l97~’.

36. “a~ecoil Ion Spectroscopy: Reduction of Doppler Shifts and Spreads in Fast
Beam Experiments,” Bull. Mn. Phys. Soc. 22, 610 (1977).

37. “Lower Limits on Resolved Neon L-shell Excitation Cross-sections by Impact of
1.5 MeV/A ’~S

’2 . C1 12
~ Ions,” Bull. Am. Phys. Soc. 22, 609 (1977).

38. “Projectile Charge-State Dependence in K-shell Ionization of Neon, Silicon ,
and Argon Gases by Lithium Projectiles,” Bull. Am. Phys. Soc. 22, 655 (1977).

39. “Production of Core-Excited States of Li and Li~ in Collisions with Gas
Targets,” Bull. Am . Phys. Soc. 22, 655 (1977).

40. “Auger Electron Emission from Target ions Under Heavy Ion Impact After
Molecular Dissociation,” Bull. Am. Phys. Soc. 22, 610 (1977);

41. “Lifetime Measurements in Cu XIX ,” Bull. Am. Phys. Soc. 22, 609 (1977).

42. “An ~ 0 Transitions in Highly Ionized Ions ,” in Proceedings, Nordic Symposiumon Atomic and Molecular Transition Probabilities, I. Martinson, ed. (Lunds
Univeristet, Lund), p. 8 (1977).
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43. “Der 2s 2S~ 2p 2 P° Doub let tühergang in Li-~ihn 1ichem Schwcfc l , ” Verhand i . ,
Deutsche Phy s i k a l i s c hc  Gesc ] l scha f t  2 / 1977 ,  500 (1977).

44. “Lebensdauern und Oszi1lat~ renst iirkc n von n = 2 Zustanden in Bc-~ihnli chem S , ”
V e r h a n d i . ,  Deutsche Phys ika l i s che  Gesel l scha f t  2/ 1977, 500 (1977).

45. Inv i t ed  paper , “Contr ibut ion s of !3cam-Foi 1 Spectroscopy to Osc i l l a to r
Strengths of In teres t  in h i gh Temperature Plasmas , ” presented at the
America n Physical  Society-Top ical Conference on Atomic Processes in High
Temperature P lasmas , K n o x v i l l e , February 1977.

46. “An Appl ica t ion  of the  Beam Foil Method to  Transi t ions of Astrop hysical
Interest , ” presented at the  American Physical  Society Top ical  Conference
on Atomic  Processes in High Temperature P lasmas , Knoxvi l le , February 1977.

47. “Decay Studies of n = 3 States of Sodiuml ike Copper Using  Foi l  Exc i ta t ion , ”
presented at the American Physical Society Topical Conference on Atomic
Processes in High Temperature Plasmas , Knoxvi l le , February 1977.

48. Invi ted paper , “High Ionization-Excitation States of Neq~ Ions and their
Mass-I)ependent Symmetric Collision Interactions ,” presented at the Annual
Meeting of the American Physical  Society, Division of Electron and Atomic
Physics , Lincoln , Nebraska , December 1976 , Bul l .  Am. Phys . Soc . 21 , 1250
(1976) . -

49. “Radiat ive Lifet imes and Osci l la tor  Strength for the n = 2 ~~~ ates of Be- l ike
Sulfur ,” Bull. Am. Phys. Soc. 21 , 1253 (1976) .

50. “A Beam-Foil Study of the 2s 2 S-2 p 2 P° Doublet in Li - l ike  Su l fu r , ” Bul l .  Am.
Phys . Soc . 2 1 , 1252 (1977).

51. “Mass Dependence of Ne K X-Ray Yields  from Ne~-Ne Coll isions at keV Energies , ’
Bull. Am. Phys. Soc. 21, 124 8 (1976) .

52. “Measurement of the H~+h1 Charge Exchange Cross Section , 0.8-2.5 McV ,” in
Bull .  Am. Phys. Soc . 2 1 , 1265 (1977) .

53. Invited paper , “Overcoming the Doppler Limitation in Beam-Foil Experiments by
Target Ion Spoctroscopy,” presented at the Fourth Conference on Application of
Small Accelerators , Denton , Texas, October 1976, Bull. Am. Phys. Soc. 21 ,
1333 (1976).
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B. List of Publications on Research Accomplished tinder Prev ious ONR Support:
Articles in Major Journals and Proceedings (in inverse chronological order):

Books , Major Art icles in Books , Rev iews :

1. Beam Foi l Sp~ctroscopy: Vol. 1 , Atomic Structure and Lifetimes, Vol . 2,
Collisional and Radiative interactions, I. A. Scu m and 9. J. Pegg ,
eds., Plenum Press , New York (1976).

2. “ h i gh ly  Ionized Ions , ” in Advances in Atomic and Molecular Physics,
Vol. 12 , D. R. Bates and B. Bederson , eds., Academic Press, New York
(1976), p. 215.

3. “Measurement of Auger Lifetimes and Energy Levels by Projectile Electron
Spectroscopy ,” in Topics in Current Physics, Vol 1: Beam-Foil Spectroscopy,
S. Bashkin , ed., Springer-Verlag, Heidelberg (1976), Chap . 10, p. 265.

Other Articles in Books , Maj or Journals and Proceedings:

4. “St ron g Isotope Dependence of K-Vacancy Production in Slow Ne tNe
Collis ions ,” Phys. Rev . Lett. 37, 984 (1976).

5. “Differences in the Production of Non-Characteristic Radiation in
Gaseous and Sol i d Targets ,” Phys. Rev . Lett. 36, 1574 (1976).

6. “Am Experimental Survey of Electron Transfer in keV Collisions in
Multi ply Charged Ions w ith Atomi c Hydrog en ,” in Proceedings of the
Fifth International Conference on Atomic Physics , R. Marrus, M . H.
Pr ior , and H. A. Shugart , eds., University of California , Berkeley ,
California (1976), p. 126.

7 . “Li fetimes and Transition Rates for Allowed In-Shell  Transitions in
H ighly Str ipped Sul fur ,” in Proceedings of the Fifth International
Conference on Atomic Phys ics , R. Marrus , M. H. Prior , and H. A. Shugart,
eds., University of California , Berkeley , California (1976) , p. 166.

8. “Polarization Measurements on the Non-Characteristic Radiation Emitted
from Coll isions Between High Energy Aluminum Ions ,” Phys. Letters A56,
89 (1976).

9. “Applications of Beam-Foil Spectroscopy to Atomic Collisions in Solids,”
Nucl. Inst. and Meth. 132 , 397 (1976).

10. “Differences in the Production of Non-Characteristic Radiation in Solid
and Gas Targets,” in Beam-Foil Spectroscopy: Heavy Ion Atomic Physics,
I. A. Sellin and D. J. Pegg , eds., Plenum Press, New York (1976) ,
Vol . 2 , p. 497.

11 . “Angular Distribution Studies on Non-Characteristic X-Radiation ,” in
Beam-Foil Spectroscopy: Heavy Ion Atomic Physics, I. A. Sellin and
D. J. Pegg, eds., Plenum Press , New York (1976), Vol. 2, p. 497.
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‘‘Autoio ni :ing St a t  t~~ in h i g h l y  Ioni : th 0, F , and Si ,‘‘ in B e a m — l o u
S;n :t i ~~~~~~~~ H - r i , ; ~ Ion .\ t om I C  Ph vs  i c s  , I . A . Sell in and 9. .1 . Pegg
eds., I I au: ’ H ~ ~s ork (I i~Th), Vol. 1 , p. 451.

1 .~ . ‘‘Ant I )  j Ofl i ing St a t  c~~ in the A l  a h i  s , ‘‘ in R c a m — l o i l  •51 0 - c t X ’ O s c Oj ) y

h l c a v v  h a  \ t ~~~ i e  i~~ \ I c s  , I .  A .  Sd h o  and I ) . 1 . i’ e~s~, c d s .  , l’leii um
Press , ~~~ u r k  i i  , \ o I  . 1 , P~ 

419.

14 . ‘‘l x t r - ’ ” ~ Hit ravio l t Spectra of h i g h l y  St r ipped  Si Ions , ’’ in R e a m — F o i l

5P’~~ 
ro~ c j v  - }Ie ~~v v  I on A t o m i c  i ’ h v ;  i cs , I . A. Sc] ii n and I). .1 .

- , I I  (aiIm I ress , \ ( W  ~ i 1  (1 ~~6 )  , \ ‘o I . 1 , P. 321.

“Core- Ixcited Auu’ioni :ing States in the Alkalis ,” Phys. Rev . A 12 ,
13Th (I°7~ )

16 . “ Au t o i o n I :ing St at c’s Formed in Na~ + Ne and MC~ 
+ lie C o l l i s i o n s  at

70 kcV ,” in Flectrunic and A t o ~o e Coil is ions , .1 . S. Risi cy an d IL
Ge bal ii - , eds . , t in  i v er s  I t v  of k a s l i  i n d t  on I r e ~~s , Scat tie , p . 869 (1975)

17. “Photon Energy f l ep en dence  of t h e  A s y n i i ~u t  r .  of N m - Ch a r a c t e r i s t i c
X - R a d i a t i o n  in S i - A l  and A t -A l Collisions , in E l e c t r o n ic and_ A t o m i c
Collisions , J. S. Ri slcv and R. Geballe , eds. , U n i v e r s i t y  of W ash i ng ton
Press , Seattle , P. 312 (1975).

18. “hleliumlike 19 F; 2~P2 and 23P0 Lifetimes ,” Phys . Rev. All , 2198 (1975).

19. “Symmetric Ion-Atom Collisions at Medium Energies:Non-Characteristic Radiation ,”
Phys. Rev . All , 468 (1975) .

20. “Charge State Dependence of Si K X-Ray Production in Solid and Gaseous Targets
by 40 Hey Oxygen Ion Impact ,” iii Atomic Collisions in Solids , S. Datz , ed.,
Plenum Press , New York (1975), p. 461.

21. “Lifetimes of the Metastable Autoionizing (ls2s2p)~ P512 States of Lithiumlike
A1 10

~ and Si
1
~~ Ions; Comparisons with theory over the Isoelectronic sequence

Z = 8-18,” Phys . Rev . A l l , 468 (1975).

22. “Variation of the Anisotropy of the Non-Characteristic X-Rays Emitted from
Fast Ion-Atom Collisions ,” in Proceedings of the Third Conference on Applications
of Small Accelerators , ER DA CONF-74 1040 P1 , p. 78 ( 1975) .

23. “Symmetric Ion-Atom Collisions at Medium Energ ies: Characteristic X-Rays ,”
Phys. Rev . All , 135 (1975).

24. “Projectile Electron Emission Spectroscopy on Opticall y Inaccessible Autoioniz ing
States in the Alkali Metals ,” Physics Lett. 50A , 447 (1975).

25. “Observation of Large and Strongly Energy Dependent Directional Anisotrop ies
in Non-Characteristic K X-Rays Emitted in h eavy Ion Collisions ,” Phys . Rev .
Lett. 34, 64 (1975).

26. “Characterization of Charge States of Energetic Ions in Solids from Associated
K X-Ray Production , Phys. Rev. Lett. 33, 733 (1974).
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27 .  “Auto ioniza t ion  Lifetimes of the Metastable (l s2s2 p)~ P512 State in the Lithium lihe
Ions A1 10

~ , Si 11
~~, and S13

~ ,” publ ished in Proceedings , The Fourth International
Conference on Atomic Phys ics , He idelberg , Heidelberg Un iv. Press , Heidelberg ,
W. Germany (1974), p. 79.

28. “XUV Spectra of Highly Ionized Fluorine and Oxygen ,” Phys. Rev. A 10, 745
(1974).

29. “New Lines in the XUV Spectrum of Heliumlike Fluorine , “ Physics Letters
47A , 469 (1974) .

30. “Radiative Transitions in Two-Electron Oxygen,” Physics Letters 47A, 433 (1974).

31. “Neon K0, K~ Satelli te Structure Induced by 80-MeV Argon Ion Impact ,” Phys .
Rev. Al O, 1446 ( 1974) .

32 . “Lifetime and Binding Energy of the Metastable (ls2s2p)~ P~,2 States in ~~~~~
Phys. Rev. A9, 1112 (1974).

33. “Observation of K X-Rays from Hi ghly Ionized States of Neon Produced by 40
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C. Synopsis of Principal ONR-Supported Research Accomplishments

of the Present Contract Year

C.1. Production of Multiple Electron Excitation and Ionization By

Impact of Highly Charged Projectile Ions on Light Atoms and

Molecules

One of the first results of our then newly funded accelerator-based

atomic physics program was discovery of very large projectile charge state

effects on multiple electron vac ancy production in both inner and outer

shells of light atoms and molecules (Phys. Rev. Lett. 29, 1577 (1972) and

Phys . Rev . Lett. 30, 1289 (1973)). In these and subsequent papers (e.g.,

Phys. Rev. A9, 644 (1974) and Phys. Rev . AiD, 1446 (1974)) we were able

to show that in a typical case like Ar’8” incident on Ne gas atoms at

impact parameter intermediate between Ne K and L shell radii, violent

events like simultaneous removal of 9 of the 10 neon electrons accompanied

by excitation of the 10th (e.g., to the hydrogenic ion 2p state) had

substantial cross sections, even under single collision conditions. Indeed,

total cross sections for removal of a K-shell electron turned Out to have

values larger than geometrical, and to be accompanied by removal of at least

half of the L-shell electrons in most such collision events.

It has never been clear what ultimately happens to the ejected

electrons, either experimentally or theoretically. Do they end up in

excited but bound states of the target particle or of the projectile? Or

do they end up in continuum states , and if so, centered on which particle?

Or if all of these events occur, what are the likelihoods of the various

outcomes?

_ _ _ _ _ _ _
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Some experiments to invt~stigatc some of these questions were

undertaken in the previous contract year , and continued to completion in

the present contract year . S t i l l  others are proposed for the  subsequent

contract year in Section l).1 of this proposal . We now discuss work

completed in the present contract year.

C.l.1. Multi pl e L Shell Exci tation of No Ga s by S 124 , C1~~
2” Projectiles;

Target Ion Recoil Spectroscopy Experiments at ORNL.

In these experiments , passage of foil-excited 1.4 14eV/A S and 1.1

*~eV/A Cl ions of mean charge state ‘~‘ l2~ through neon gas targets at

pressure ‘
~~ 100 mTorr has been found to be accompanied by cop iou s production

of Ne lI-VIJ I excited states. Comparable excitation cross-sections ~~ 10~~~

cm 2 are found for a large number of levels belonging to all  of these charge

states and corresponding to principal quantum numbers n = 2 ,3,4 . Because

the Ne recoil velocities are small compared to the fast beam velocities

characteristic of the beam-foil source, it is poss ible to reduce both Doppler

shifts and spreads by 3-4 order of magnitude for equivalent collimation .

Estimates of recoil broadening are attractively low for two reasons.

First , the lon g range , intense field of a highly ion ized projec tile perm its

electron removal and excitation processes for impact parameters larger than

the shell radii of the affected target electrons. Second , the high relative

collision velocity (~ 0.05 c) provides a short 
interaction time, giving rise

to slow recoil ions recoiling at almost exactly 90 deg to the beam direction .

For exampl’~, a bare 2 MeV/A Ar nucleus passing by a Ne atom at aft impact

0
parameter of ‘~ 1/3 A--a Ne L-shell radius--creates a Nc recoil ion travelling

at about 89.99 deg to the beam direction at a recoil velocity V R~~ 
2 vR (MRLD/MNC)

cos ~ 3 x ~~ cm/sec iO~~ c. Her o v
~ 

is the beam velocity, MRED the
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reduced mass, and the laboratory recoil angle. Hence yR/c 
<< v

s
/c by

almost four orders of magnitude. For viewing angles and collimation

equivalent to those prevailing in beam-foil experiments, both Doppler shifts

and spreads in recoil vs. projectile lines--including Auger lines--should

be smaller by about the same factor. Moreover, VR is only of the order of

thermal velocities in a hollow cathode discharge , a standard source for

xuv/soft x-ray lines from single-particle valence shell excited states of

ions in low states of ionization.

In this work we have shown by direct measurement that L-shell

excitation cross-sections are attractively large for a wide range of

ionization-excitation states, and that within the limitation of our present

spectroscopic apparatus the low recoil estimates are fully justified . We have

also found that the Ne target L-excitation spectrum is highly similar to

that of a ‘~‘ 1 MeV foil-excited Ne beam (Buchet and Druetta, JOSA 65, 91

(1975)), ev~~ though typicai ion recoil velocities are a few thousand times

smaller; that the L-shell excitation cross sections are of comparable

magnitude (‘i. 10-18 cm2) and only weakly dependen t on charge state in the

range of measurement (Il-Vil!); that there is a projectile charge state

effect on the L-excitation cross-sections of a factor ~ 5 for a corresponding

projectile charge state change from 6” to ‘~~ l2~; that classification of K

x-ray satellite spectra by L shell vacancy labels (XL 0,KL 1 ,...) is probably

misleading and oversimplified because of extensive population of n �. 3

spectator levels; that both the recoil ion and beam-foil spectra exhibit

few lines corresponding to n ~~. 4 for incompletely understood reasons; and

that with the possible exception of metastable levels, excited state

quenching effects due to collisions with other gas atoms in the target are

negligible.
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An approximate cxci t ,t ion cross-section based upon the intensity of

the  No II  s tandard l i n e  at A 460.7  and our e x p e r i m e n t a l  c o n d i t i o n s  is

~ 3 x 10-18 cm 2 . While the estimate allows for grating reflectivity ,

astigmatism , and multi plier efficiency in addition to the more straight-

forward geomet ry fac tors , it does not a l low for add iti onal lo ss due to

dispersion into higher diffraction orders nor for notoriously difficult

es t imates  of loss due to possible t ime-dependent  grating surface condition

r e f l e c t i v i t y  losses. Hence this cross-section estimate should be regarded

as an approximate lower l i m i t .  Corresponding lower l imi ts  on exci ta t ion

cross-sections for other lines can be inferred from their relative

i n t e n s i t i e s , provided account is taken of the grat ing blaze angle and

wavelength dependent as t igmat i sm.

The accompanying table  provides a list of intense lines observed;

t h e i r  ass igned con f igu ra t i ons  and terms where known from other reference

sources; t h e i r  i n t e n s i t i e s  re la t ive  to A 460.7 af ter vd jus tmen t for

a s t i gma t i s m , b l aze , and electron mult i p l ie r  e f f ic iency;  and the consequent

approx i mate lower limits for excitation cross-sections from 1.4 MeV/amu S~~
2
~

ion impact. Asterisk s denote a very few transitions which appear in the present

spectrum which were not noted in the beam foil spectrum of Buchet and Druetta.

The attractively large sizes of the lower limits on excitation cross

sect ions which are furthermore seen to be approximately independent of target

charge state indicates a bright future for experiments dependent ~n such

target ion spectra, particularly if the widths of target lines are sufficiently

low. Because target x-ray spectra from similar experiments involving impact

of highly ionized projectiles have been characterized by line widths in the

range 0.3 to 3 oV, we sought to improve on experimental limit on the line
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TABLE I.  Intense Ne lines observed , associated transitions, relative intensities, and
approximate lower l imits  on cross-sections , adjusted for astigmatism, bla ze ,
and electron multiplier efficiency for 1.4 MeV/nucleon S~~

2” projectiles.
Asterisks refer to transit ions not noted in the beam spectrum of Buchet and
Druotta.

Relative Cross-section (Mb)
(A) Spectrum Transition Intensity Limit

82.2 VII 2s2p 1P° -2s4d ~ 60 0.2

88.1* VIII 2s 2S -3p 2P° 90 0.3

98.2 VI II 2p 2P° -3d 20 80 0.3

100.3 ? ? 140 0.4
102.5* ? ? ? 190 0.6
106.2 VI I 2s2 p 3P° -2s3d 3D 170 0.5
111.2 VI I ,VI 2p2 ,2s 22p -2p3d ,2s2p( 3P°)3p 100 0.3
120.5 VII 2p2 3P -2p3s 3P° 90 0.3
122.5 V I ,V 

- 
2p, 2p2 -3d ,2p4d 120 0.4

136. 2 VI ,V 2s2p2 ,2s2p 3-2s2 p3s ,2s2p 2 (~ P)4s 120 0.4
138.5 VI 2s2p 2 2S -2s2p( 3P°)3d 2 P0 90 0.3
142.5 V 2p2 3P -2p3d 3P° 170 0.5
147.1 V* 2p 2 10 -2p3d 1F° 320 1.0
154.5 V 2p 2 1S° -2p3d ~~ 270 0.8
184.7 V 2p2 1S -2p3s 1P° 100 0.3

212.6 IV 2p 3 2D° -2p2 ( 1D)3s 20 280 0.8

222.6 IV 2p 3 2 P° -2p2 ( 1D)3s 20 360 1.1

~.234.3 IV 2p 3 2P° -2p 3 (3P)3s 2 P 250 0.8

‘~.283.7 III 2p” 3P -2p3(2D°)3s 3D° 240 0.7

301.1 III  2p~ 
1D -2p3 (2D°)3s 100 230 0.7

379.3 III 2s22p~’ 
1D -2s2p 5 1P° 750 2 .3

405.9 Ii 2p 5 2P0 -2p~ ( 1D)3s 20 400 1.2

407.1 II 2p 5 2P° -2p4 (1D)3s 2D 200 0.6

416.8 V 2s22p2 1S -2s2p 3 1P° 170 . 0.5

455.3 II 2p 5 2P° -2p~ (3P)3s ~P 400 1.2

460.7 II 2s22p 5 2P° -2s2p 6 2S 1000 3.0

462.4 II 2s22p 5 2P° -2s2p 6 2~ 500 1.5
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widths of a typical transit on (the No II standard line A 460.7) to ~ 7 meV ,

a factor of 50 to 500 improvement (about an order of magnitude on a A/~ A

basis). As the monochromator was operated at its limit of resolution for

t h i s  measurement , the  measured width was verified to be entirely instrumental.

As noted above , the actual line width is suspected to be an order of magni tud e

smaller , because of the small estimat ed values of recoil velocity (‘~ l0~~ c).

Additi onalh’, a proJ ectile charge state effect of a factor ‘~~ 5 was noted

in the intensity of many target lines in going from use of the prim ary

accelerator beams (6k) to foil-stri pped beams (“i l2~ ) .

Beyond e s t ab l i sh ing  the magnitude of associated product ion cross-sections

and limits on Doppler broadening,  there is thus evidence of extensive popu-

lation of intia lly unpopulated n = 3, 4 levels which if also Present in

K-ion iz in~ collisions constitute extensive population o~ spectator electron

levels not previously  noted. Both the recoil-ion and beam-foil spectra

exh ib i t  few l ines  corresponding to upper states with  n � 4. Col l is ional

quenching effects on excited levels having lifetimes typical of the high

ionization-excitation states considered here are not only expected to be

negl igible at the target densities used but are found to be so for the

typ ical t ransi t ion at A 147.1 for which this assertion was chec k ed .

How to understand the relative rarity of n = 4 upper levels and the

nearly complete absence of in tense trans itions from n ~ 5 presents problems.

A plausible partial explanation is that n ?_ 4 excitations are often

accompanied by a second n �~ 3 excitation , resul ting in intense deexcitation

competition through the Auger effect, suppressing effective line intensities

by a factor of “ 102 to 10~ . The comparable production of ionization states

Il-V ill tends to support this suggestion , in that Auger cascades leading to

increased production of the hi gher charge states could be initiated by

___________________________ ________ 

J
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intense multiple L-shell excitation followed by increasing ionization

through successive Auger processes.

Another effect which could in principle account for the relative

rarity of lines corresponding to n ? 4 is the quenching of such states in

collisions in the gas target in less th an a radia tive l i f etime. Such

quenching is however unexpected , since in typical state l ifet imes “~ 10-100

psec at veloci ties of ‘~ lO~~ c, a mean free path of only ~~ 1000 .~~ occurs .

Hence for quenching cross-sections even as large as 10~ -~ cm
2, negligible

quenching should occur. Only for metastable states of mean l i f e  ? 10 nsec

wou ld such quenching cross-sections in gas targets at ~ 300 mTor r pressure

be likely to cause appreciable quenching. Indeed , a plot of the A 147.1

intensity to pressure ratio vs. pressure had only a slight (-8% ± 10%)

slope consistent with zero quenching. The upper state in this transition

is 2p3d 1F° , a typical configuration among those found to be strongly

populated.

Some additional valuable properties of the kind of target ion

spectroscopy described here may be noted. First, the exci ted ions of

interest are produced in an environment which is cold compared to both

traditional hollow cathode discharges and to plasma sources. Collisional

broadening and corresponding lifetime perturbation effects will be much

reduced. Second, current technology permits recovery of one of the most

valuable features of the beam-foil source, namely the ability to make

lifetime measurements. Pulsed beams in the nanosecond regime are standard

at numerous accelerator facilities. Delayed coincidence measurements of

the time interval between the beam pulse and photon emission are a well-

known , standard techn ique which should permit lifetime measurements on

excited states of target ions in the nanosecond to tens of microseconds range.
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This  techni que has in fact been tested on long-lived Auger emitting

states of lith ium li ke ion s in collaborative experiments with a University

of Frankfurt/H . group at thc GSI accelerator in (;erinany. We now proceed

to describe these experiments.

C . l . ~~. Multi ple Ilectron Core Excitation of Target Atoms and Molecules by

Hi ghly  Io n i z ed Pro j c~ t i l cs :  Delayed C o i n c i d e n c e  Auger Li fetimes and

Quenching  Experiment s , Pos t -Co l l i s i on  Auger L i f e t i m e  E f f e c t s , and

Charge State Dependence Experiments at GSI

During the period 1 Apr i l  - 1 September 1977 the author collaborated

extensivel y in experiments at the GSI accelerator at Darmstadt , West Germany.

This accelerator is described in the Section on Facilities. The history

of this collaborat ion was described in our proposal of one year ago , and

is updated in the final sub-section of Section C and in the discussion of

UNILAC in the Facilities section . We concentrate here on a technical

descr iption of results obtained .

As noted at the end of C . l . l . ,  l i f e t ime measurements on slow , m u l t i p l y

ionized and excited recoil ions should be feasible using a delayed coincidence

techn i que. Dur demonstrat ion experiment s at GSI have been very successful .

Fi gure 1 shows a schematic diagram of the  apparatus used for these delayed

coincidence measurements. Using t h i s  apparatus , we have measured the life-

time of the ls2s2p L1P 5/2 state in O~~, produced by ions l ike Ar 12
~ , Kr 26

~

from the UN I LAC accelerator in an 02 target . Comparison with earlier beam

f o i l  r e su l t s  shows good agreement , bet t er in t r ins ic  precision , and establishes

that  cascade phenomena cause negligible errors in either technique. Data on

~P512 quenching  in 02 was also obtained.
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An ( xa ) n l ) 1e  of such I i  f e t  ime dat a i s shown in  Fi g.  2. At the t a rge t

~~~~~~~~ used , t here i s an ;ipprcc jab it col i i  si on a 1 quen ch i  iig e f fec t  on

t h~ ~4 p
512 St a t e  in O’

~’~ h r c au s e  of the c h a n c e  of c o i l  i si uns w i t h  o ther

0 m o l e c u l e s  in the I arget gas p r i o r  to  d e c ay .  Data taken as a function

of t argot  gas  pressure showed that a smoot h , approx i mat  el y l i n e a r

ext rapo lat ion of the I i f et lire vs. pres su re  c u r v e  to z e r o  pre s su re  l ) er nh i t t ed

measurem ent of the unperturbed state l i f e t i m e .  A number of such runs w i t h  a

v a r i e t y  of p ro j ec t  ~1c i o n s - - e .g . ,  Ar 1
~~~, Cu 20

~ , Kr 26~ —-perrnitted e x t r a c t i o n

of a I i  f et  in c  value of 2 b .  0 ~ 1 . 5 nsec , where the error bar is the  range

error of the v ar i o u s  zero pressure e x t r a p o l a t i o n s .  This v a l u e  can be

compared to  e a r l ier  BF S mea surei , i ents  of 25 ± 3 nsec in our laboratory in

which  the decay in f l i ght by Auger emission of ~leV beams of O 5
~ ion s was

measured .  A recent t h e o r e t i c a l  va lue  of 23.1  nsec (Ch eng, Lin , and

Johnson , Phys.  Lctt. 48A , 437 (19 74))  is in f a i r  agreement wi th  both results.

The observed I)~
’
~ ssU1e dependence p o i n t s  the way to making excited

state q u e n c h i n g  cross s e c t i o n s  m e a s u r e m e n t s  fo r  va r ious  slow (‘
~ 
eV) ions in

col1ision s with variou s gas targets. As the measurements at GS1 have to

dat e been carried out using gas jet targets , in which the pressure vs.

position profile is poorly known , such measurements await future target

des i gns which overcome this problem.

Similar experiments at (~~I using No as the target gas yielded 11.2 nsec

by the target ion method , in comparison to 10. 4 nsec by the biS method (S.

Schuman n , K. 0. Groeneveld , lJniv. of Frankfurt ) vs. ~ tIieorcti ca~ value of

Cheng , Liii , and .Johnson of 8.4 nsec .

These values once again illustr: .tt’ the tendency for all experimental

values  for the c u t  i re i so c lec t  roni c sequence from 8-18 to exceed those from

theory by an average of ~~~ Whether  neg lec t  of e lect ron corre la t ion in the

c a l cu l a t i o n s is respons ib le  is s t i l l  an unsettled question .
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It is convenient to make Anger spectroscopy measurement s on both

the prompt and delayed transition s from both target and projectile systems

using esscnt Lilly the same apparatus , as has been done for the past few

years he Mann , Groeneveld , et al . Auger lines of the core-excited

lit h i tiril ik e charge states of li ght targets (e.g., Ne , 02 ,  CO) bombarded

by h i gh charge state ion s (e.g. , Ar 12
~ , Cu20

~ , Kr’~
6
~ , Xe 32

~ ) are particularly

strong ly excited , in fact the ~P state of the lithiurnlike ions is the

most intense feature seen in most spect ra .

When the decay time of a short-lived state--e.g., the lowest lying

core-excited state 1s2s2- -is comparable to the time required for the removal

of the companion at~cn in a diat omic molecule to one atomic unit , one can

antici pate Auger line shift and broadening to occur in a post-collision

interaction . This phenomenon , originally investigated in another context in

the mid-sixties (R. B. Barker and II . W . Berry, Phys. Rev . 151 , 14 (1966)),

is prominent in recent studies by a number of invest igators (e.g., Schmidt ,

Ct a l . ,  Tenth ICPEAC Abstracts , p. 1068) in such areas as Auger decay following

photoionizat i on near threshold. Such post-collision phenomena are import ant

aga in  in the present context of line shifts and broadenings in Auger decay

subsequent to excitation by highly ionized projectiles. In our GSI experiments ,

the Auger transitions (1s2s 2)2S112 (ls 2)1S~+e have been measured in li ght

target elements after impact of Ar , Kr , and Xe ions from UN 1LAC . In monat omic

targets the energy of this prompt transition agrees well with beam foil data

and wi th  l lartrce Pock calculations. Transitions from target atoms in molecules

l ike Cu 14, however , are s t rong ly  shift ed to lower energy and broadened in line

wid th .  A simple model to account for t h i s  effect in terms of Stark perturbation

of the emi t t ed  electron by the nei ghboring ions is being worked out . It is
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possible that a sufficiently successfu l model will yield a method for

determining lifetimes of short-lived Auger transitions , since the ratio

of Auger decay time to separation time occurs directly in the model .

In the simplest  version of the model the l ine  is sh ifted from Ee

to 1i~ - w , where the FWI IM of the l ine is given by AE FWIIM = 1.07 w , and

w (eV) = q~ /mp/L~ (3.3 x

where q
~ 

is the projectile charge , E~ the project i le energy in keV ,

the projectile mass in amu , and T the lifetime of the excited Auger level .

Since the L i - l i k e  14 P levels are long- l ived , i t  is convenient to express

the shift s and wid ths  of the  2 S l ine  wi th  respect to the 14 P l ines .  In CH 14,

for example, the interval E(1’P) - E(2S) is mea sured to be 5. 2 ~ 2 eV , and

the line width 3.9 ± 1 eV. The estimated width 1.07 w is 3.5 eV ,

if one assumes a lifetime ‘t~ ~ x 10- 15 sec . For other l i f e t i m e s , AE FWj~~
scale as S x 10~~

5/T. Data f rom the Ph .D.  thesis of Mann exist  for Cu 14, NH 3,

N2 ,  CO2. and CO2 targets. The collaborat ive work discussed here concerns

improved measurements on CH 14 and NH 3.

A thi rd type of experiment begun collaborat ively at GSI and presently

con tinu ing is the measurement of the projectile charge state dependence of

the strength of various target atom Auger lines , particularly the strongly

excited lithiumlike ion lines. There is both theoretical impetus and

experimental advantage in undertaking such measurements at this time . First ,

in a recent paper of C. Bottchcr (J. Phys. B. Lett . 10, L445 (1977)) entitled

“Many-electron Stripping in Collisions Between Atoms and Heavy Ions,” a number

of interesting predictions concerning multiple electron ejection from light
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ta rget  atoms are made ( c f .  the  d i scuss  ion beg i rn ing  Sect ion C. 1) . Among

these arc : (1) that the dominant process for multi ple target electron

eject i on is i n to  cont i nuum s tates  entered on the projectile (i.e., electron

t ran sfer i n t o  proj e c t i l e  continuum states); (2) the cross-sections for

removal of most , if not all , of the target electrons in a single step

process arc remarkably large (i.e., often larger than geometrical for

the K shell of the target system); (3) the lim itimg cross-sections are those

for one- and two-K electron removal , with other accompanying target

excitation s or ionizations modu lated by these primary processes; and (4) there

is strong structure in , for examp le, the cross-section for simultaneous

10-electron removal from neon (or other atoms) both as (a) a function of

collision velocity and of (b) effective screened projectile charge state.

Our experiment at GSI concerns predictions 3 and 4(b). On the assumption (3) that

both the production of the l i th i u m l i ke  ( l s2s2p) 14 P s t a te  and the t en electron removal

cross section are modulat ed by s i m i l a r  K-e lec t ron  cross sect ions then such s t ruc tu re

should also appear in the  exc i ta t ion  funct ion for th i s  s ta te .  There i s  a pronounced

peak at ZEF). = 10 in the lOelectron removal cross-section . By using magnetic

selection of charge states near 10 created by equi l ibra t ing Ar 12’ beams

at 1.4 Hey/nucl eon in C fo i l s , it i s  possible to study the charge stat e

dependence of 7 electron removal (including I K electron ) through studying the

excitation function of the most prominently excited state in the Auger

spectrum , the l s2s2p 4P state . An add itional si gnif ican t adv antage of

studying this Auger decay channel is that its fluorescence yield is

un ity. Avoiding the need to understand the rap id charge s ta te  va r i a t i ons of x - ray

decay channe l  f luorescence y i e l d s  is a cri t ical adva nt age. Preliminary data from

this experiment obtained in a run in early September does not display the

predicted charge state dependence--but at the moment , the scatter in the_
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I
data due to geometric problems associated with gas j e t  density var ia t ions

does not rule out the theoretical predictions. Experimental target

improvements are curren t ly unde r way. Fu ture experimen ts concerning

predictions (1) to (4) are planned for the coming year at both ORNL and

GSI , as indicated in Section D,l of this proposal .

C.2. Lifetimes of Intra-Shell CM 0) Transitions in n = 2 and 3 Levels

of Simple , Highly Ioni zed Ions

The effort to develop an xuv spectrometer arrangement suitable

for making l i fet ime measurements on many ions in intermed iate stages of

ionization--with emphasis on the resonance transitions , in many of wh ich

the principal quantum number remains unchanged- -began with ONR support in

1973. The present apparatus is depicted in Figs. 3 and 4. Gradual

improvement and development of this apparatus with the help of P. M. Griffin

(ORNL) and R. Laubert (NYU ) has culmin ated during t~ e past contract year

and the present one in the publica tion of a larg e number of resul ts on many

M = 0 resonance transitions of lithiumlike , beryl l iumlike , boronlike ,

carbonlike, nitrogenlike , sodiumlike , and magnesiumlike configurations of

a number of different elements. We call attention to papers A16, A 17 , A2 1,

*22, *29, A30, *31, A32, *42 , A43 , A44 , A45 , A46, A49, ASO , B7 , B 12 , B14 ,

B28, B29, and B30, which contain by title a fairly complete list of ions and

transitions therein studied at ORNL. In this work we have enjoyed the

collaboration of a number of colleagues at other institutions, as noted in

the Section on Personnel. In addition , we have collaborated with more of

these col leagues in similar experiments at the Brookhaven National Laboratory

and at the Berkeley HILAC accelerator as noted in papers A9 , A15 , A27 , A28 ,
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A4 1 , and A47. Before d i s c u s s i n g  representa t ive  resul ts  we comment on the

r a t i ona l e  for this particular line of investi gation.

Recent studies of the  sys tem at ic  t rend s of di pole (E l )  f -va]ues

along i soelect ronic sequences , w h i c h  are based upon the nonrelativistic

perturbation expansion of f-values in terms of the inverse nuclear charge ,

have proven to be extremel y valuable for low-to-intermediate Z ions. Our

beam-foil results in this region have been instrumental in the establishment

of such t rend s al ong ma ny sequenc es , including the detect i on of certain

f-value anomalies brought about by configurat i onal level crossings or

cancellations of transition integrands. It is in this region of low-to-

internediat e Z that electron correlation effects can become important,

particularly for transitions in which the pr inc ipa l  quantum number of the

active electron does not change in the transition , i.e., t~n = 0 (intra-shell).

transitions. These intra-shell or electrostatic fine structure transitions

are pa r t i cu l a r ly  correlat ion sens i t ive  due to the interpenetration of the

electrons of the same principal quantum number , and many-particle atomic

models which include configurat ion mixing effects are used to replace the

simple independent pa r t i c l e  p ic ture .  Correlat i on effect s , a l though u s u a l l y

most important for low Z ion s are not e n t i r e l y  n e g l i g i b l e  for intermediat e

Z ions like sulfur .  For some transi tions , however , limited mixing with

adjacent conf igura t ions  of the  same she l l  is  found to be su f f i c i en t , but

this may not be the case for other transitions stud ied . The present work on

= 0 transition s within L- and M-shells represents a considerable extra-

polation in nuclear charge along the i soelectronic sequences of all the

transitions studied . Results for even higher Z ions will be necessary in

order that one may confidently extrapolat e the existing nonrelat ivistic

systematic curves into the very high Z region where relativistic effects on
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f-values, such as orbital shrinkage and configurational effects involving

the breakdown of the LS coupling scheme become appreciable. Recent

relativistic f-value calcu lations by Kim and Desclaux, [Phys. Rev . Lett.

36, 129 (1976)], Weiss [in Beam-Foil Spectroscopy , Vol. 1 (Plenum Press,

N . Y . ,  1976) ] , and Lin and Armstrong [Phys. Rev . A14, 11 14 (1976)] indicate

that in the cases of the Li- and Be-sequence for example , the calculated

f-values for the resonance lines begin to significantly depart fron the

nonrelativistic value around Z ‘
~
. 25. In fact it is the transition energies

which deviate from nonrelativistic values in this region of Z and not the

line strengths. A selected number of experimental beam-foil results in this

uncharted relativistic regime could greatly serv e to gu ide theoretical

progress. In fact, our recent investigation of lithiumlike S provides a

measured verification of such a relativistic effect on the 2s-2p112 31,2

transition rates. Our measurement s on sodiumlike Cu also verify relat ivist ic

calculations.

Comparisons of accurately measured electric dipole transition

probabilities of f-values with calculations of such quantities afford

sensit ive tests of the correctness of the wavefunctions used in the upper

and lower states of the transit ion . Two distinct types of allowed radiative

processes can be distinguished . “Out-of-shell ,” inter-shell or 1~n ~ 0

transition s , whose rates scale as Z~ alo ng an isoelectronic sequence and

= 0 electrostatic fine structure transitions which scale linearly with

Z. The ~n ~ 0 transitions become too rapid for the beam-foil time-of-flight

method for large Z, low N ions (N = number of electrons), but t~n = 0

transition s remain accessible to beam-foil studies to surprisingly high Z

because of the considerably weaker Z-scaling dependence. It is these
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An = 0 t r an s i t i on s of the  type 25 2 2~ k 
- 252~ k~~ and - 2~ k+l within

the L shell  , a n d  t he i r an a 1 o ~ s i n t he l — she 11 t Ii at a r e studied

in the present work . As an example , Pig. 5 shows a p a r t i a l  energy level

diagram of the n = 2 manifold of states associated with the berylliunlike

ion , S~
2
~ to  i l l u s t r a t e  t h i s  type of transition . We have measured the

transition probabilities for all of the decay channels  shown .

The motives behind our work stem from practical needs as well as

fundamental reasons. For example , one of the current problems in the physics

of magnetically confined thermonuclear I lasmas is to estimate the radiative

energy losses due to di pole radiative transitions in highly stripped impurity

heavy ions known to be present in the plasmas. Such energy dissipation can

contribute appreciably to the unwanted cooling of the plasma. Primarily

because of the urgent need for relevant osc i l la tor  strengths for these An = 0

r e s o n a n c e  t rans i t ions  wi th in  the L , M , and N shel ls  of h ighly  ionized

impur i ty  heavy ions , theorist s are cur ren t ly  att empting to make relativistic

calcula t ions  of such quan t i t i e s .

Details of the apparatus and measurement procedures were adequately

discussed in our renewal proposal of one year ago. We concentrate instead

on a descri ption of representat ive recent results, wi th emphasis on resul ts

obtained in the last contract year.

In general the measured lifetimes are longer than predicted by current

theory by up to 40t. Of course , t ransi t ion probabi l i t ies , where derivable ,

are lower than correspond i ng theoret ical predictions by the same amou nt .

Si nce cascading and/or blending do not in general appear to be a major

problem in the present experiments , it is suspected that insufficient mixing

effects have been taken into account in the multi-configurat ional calculat i ons.

In cases such as the (2s2p)3P° - (2p2)3P transition in the Be-sequence (S 124 ) ,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -J
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where con f I gurat ion mixing is expected to be very small , there cxi sts

excell ent agreement between theory and the present result. In contrast

however , the measured transition prokibility for the (2s 22p)2P° — (2s2p 2)2P

t r a n s i t i o n  in the B-sequence (S1 1~~) is found to be ‘~ 40~ lower than the

current theoretical values. In addition , this difference between theory

and b c a m - - l o i  I measurements appeals to cont inuc , by roughly the sane amount

to l ower 2 members of the sequence for this particular transition . Strong

mi x  i n ~ effects hctt~ce~i the ground state , 2s22p
i
~ and the excited state

con f igu ra t i ons 2~ n+2 
(sa~:Ic pa rity and within the  same shell) will occur ,

part  i c u l a r l y  for the low Z end of t he  sequences.  M ix ings  between L-she l l

con f igu ra t i on s and hi gher she l l  c o n f i gurat i ons are expected to be small ,

espec ia l ly  for i n t e r m e d i a t e  Z ions such as s u l f u r .

In paper A 17 we describe a measurement of the doublet  s p l i t t i n g

( l ead ing  t o  t h e  = 1/2 - 3/2 f i n e  s t ruc ture)  and o sc i l l a t o r  s t rengths  for

the resonance transition 2s-2p in lithiuml ike su lfur (S13~). Our energy

splitting confirms recent measurement taken aboard Sky l ab during solar flare

cvcnts. Previous laboratory Plasma measurements were found to be in error .

Similar experiment s to those described have been made on An 0

M shell transition s in sod iumlike and magnesiumlike Fe, and sodiumlike Cu at

ORNL and BNL,respectively. Figures 6, 7, and 8 show some decay curv es for

Cu 18’ , an ion with a sodiumlike structure . Figures 7 and 8 show the decay

in flight of the “famous” Na-like “0” l ines in ~u
18
~ , i.e., the resonance

doublet , 3s-3p . Several rather interesting results have come out of this

experiment . First , an unusua l ly  strong casc ade f al l  wa s observed on a l l

the decay curves. Data was taken out to more than ten decay lengths of the

primary level in order to investigate this long-A ived component. If the

data had been analyzed out to only three decay lengths , as is usual in
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beam—foil measurement , the ‘‘ii fet m e ’’ resu l t  s wou ld  be some 40’~ too high!

It has been siigy,ested (Crossicy et al . , Phys . L e t t e r s  5?A , 22 (1 (fl)76) j that

the on gin of th i s st rung cascade component mi ght be long—lived , unbra nchcd

RydhclT. - I YI~- -~~ ~t es wh I cit are known to  be f a v o r a b l y  popula t ed  -in t he  beam—

foi l interact j u n . The inar,nitude of t h e  change  in  “ l i f e t i me ” of the  3p and

3d l eve l s  due I a t he  cx st cnce of the  s trong cascade t a i  1 is enough to

account for t he  d iscrepancies  between b e a m - f o i l  r e su l t s  and theory for other

m e m l e r s  of the  Na-sequence t ha t  have been reported (Crossicy , et a ] . ) .  In

these past e x p e r i m e n t s  not enough data were accumula t ed  at large d i s t ances

from the f o i l  to d e f i n e  the  cascade t a i l  thus l ead ing  to the d i sc repanc ies

cited . ithother i n t e r e s t i n g  but p u z z l i n g  observat ion in our Cu 18
~ work was

t h e  presence of int ens i t y  modulat i ons on two of the decay curves (see

Pi g .  8) .  The m a g n i t u d e  of the per iodic osci 1 la t ions is ~ 25 (illz but at the

present t ime  we can o n l y  guess at t he i r  o r ig in .  Whi le  o r i g i n a l l y  it was

thought probable that these modulations are field-free quantum beats associat ed

with the decay of coherently-excited , hyperfine levels or possible high

ly ing fine-structure levels , our more recent observation of such beats in

thc even -even nucleus Ni 58 is a puzzle. This is the first time that such

a pattern has been observed for such a h igh ly  ionized system. It is hoped

that  th i s  data  can be in terpre ted  du r ing  the coming months .  The experiment ,

performed at l~N 1, was a co l l abora t ive  ef for t  between two members of our group ,

Kei th Jones and Brant Johnson of BNL , Ted Kr use of Rutgers and Joe Cecchi

of Princeton . Our lifetime and oscillator strengths for di pole t ransitions

in Cu 1
~~ arc shown in the adjacent table , along with the results of recent

relativistic and nonr clalivjstic calculat ion of Kim and 1 roesc-P isclier

r e s p e c t i v e l y .  Again , as in the case of tile Li-sequence , it can he seen tha t

th e line strength factor is not affected appreciably by r e l a t i v i t y  for
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Table II. Radiative Lifetimes and Dipole Osci l la tor Streng ths in Cu 18’.

Life t ime of Osci l la tor Streng th
Wave 1en gth ( ~~ Transition t~pper_l evel ~~~~~ 

Present Th eory *

303.5 3s2S112 3p2P~,2 85±18 0.16 012
a 0 1 1

b

273.3 3s2S112 - 3p
2P~,2 85±9 0.26 025

a 024
b

207.3 3p2P~,2- 3d
2D312 54±6 0.24

221.4 3p2P3J2 - 3d 2D 512 51±5 0.22

*Values  based upon calculated 1in ~ strengths and exper imental  t r ans i ti on
energies .

aRefer ence 2 ( R e l a t i v i s t i c  l ine  strengths) .
bRefercnce 3 (Nonrelativistic line strengths with core-polarization) .

- —---- —- - . .- - - —---- —--__ -
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Z = 29, but t h e  transition energy Ii ;i . Si  gi t  I ficant l>~ changed due to the break-

dow n of t h e 1.5 coupling scheme.

ln genera l , it can he said t h at our extensive experimental results

are in excellent accord with recent theory , at least when the  t l ieoret  i cal

results have exp licitly incorporated sufficient configurat ion interaction

and relativistic energy sp i itt ing effects in cases where these are important.

A rare except i on is tile 2s2 1S - 2sp I J)O transition in heryl liuml ike ions.

I’here is a systematic tendency for a l l  o s c i  I l a t o r  st r e n g t h s f r o m

l~FS m easur enents ~t he ones for Cl 12  + and S~~ 
+ are those from

our labor at ory at GI~~L) to u n d e r e s t i m a te theoretical f-values ,

except for 13e itself. The reason is that two princi pal feeding transitions ,

2s2p l p0 - 2p2 I(), Is have f-values comparable to each other as well as to

the transition of interest , leading to severe though sonewbat accidental

prob lems in disentangling the cascade feeds , even though these are separately

measurec in the same experiments. Only for neutral Be , where the 21)2

state is thought to lie in the autoionization continuum , does one accept

th i s  problem . For the cascade feeds t h e mse lve s  good agreement between

experiment and theory exists.

In view of the extensive improvement in the experimental and

theoretical situation in the past two years , it thus becomes logical to

shif t emphas is more in the direc t ion of study i ng more poor ly unde rstood

coll ision phenomena which govern population s of these highly ionized

and exci ted states. In Section 1), severa l fu ture projec ts w ith this

general aim are proposed .

• 1
I
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C.3. Collisional Production and Electron Spectroscopy of Core-Excited

States of the Alkali Metals and A l k a l i - l i k e  Ions

Since our renewal I)r0pos~ll of one year ago (see Section C.4 of

last year ’s proposal/annual update) we have collected a subs tan t ia l

quantity of data in an investi gation of the production of core-excited

states of l i t h i um  in  s ing le  co l l i s ions  wi th  various gas targets over an

iml)act energy range from 10 to 50 keV . Some of these results have been

presented in contributed papers at recent conferences (AlO , A26, and A39)

and we expec t further analysis  to lead to a formal publ icat ion shor t ly.

This work was accomplished using our large cylindrical mirror analyzer

and the 50 keV ion accelerator originally desi gned for these studies .

Figure 9 shows the autoionization electron spectra observed at a

labora tory f rame observ ation angle of 42 .3 degrees for coll isions of

50 keV Li~ ions with several noble gas targets. The evident variation of

relative line intensities and widths with target species reflects the

specific nature of the excitation , which is believed to be the result of

molecular orbital promotion processes. For collisions involving the

heavier noble gases (argon and krypton), exc itation of doubly core-excited

(helium-like) Li~ is observed in relatively large quantity, as shown in

Fig. 10.

Relative line intensities are observed to vary with impact energy

as well as with target species. A particularly interesting example occurs

in the (Li -He) 4. c o l l i s i o n  system , and is i l lus t ra ted  in Fig. 11 , which

exh ib i t s  the yield of lithium autoionization electrons associated with

par t icular  lines in the spectru m as a function of project i le  energy. A

simple kinema tic analysis shows that the relevant (projectile frame)

observa t ion angle varies only sli ghtly from the “mag ic” angle of 54.7 degrees
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for these data , so we be l i eve  our resul t  s are only sli ght ly affected by

angular distribution effects due to possible collisionally-induced

ali gnment. The group at tile 1l ;ihn—M e i trier Inst itute (lIen i n )  have published

data suggesting that the excitation mechanism for these states involves a

double (2p0-2 p-r ) r o t a t i o n a l  c o up l i n g  and a subsequent core—excitation

ca used by a ( l s o - 2 p o )  r a d i a l  coupi l og .  Our c o n s i d e r a b l y  more d e t a i l e d

r e su l t s con f i rm and extend thi s suggestion . Since the rotational and

ra d i a l  cou p l i n g s in t hi s sys tem are si g n i f i c a n t  at very small and moderat e ,

respectively, internuclear distances , we have assumed the couplings to

be incoheren t , and have p lo t t ed  in Pi g. I I  the pro~ e c ti l e - v eI o c i t y  dependent

product of a s u i t a b l y - s c a l e d  cross-sect ion for double rotaticinal coupl ing (02)

obtained from the work of Taulbj erg, Briggs , and Vaaben and a radial  coupl ing

t r a n s i t i o n  p r o b a b i l i t y  (w) ca lcula ted  f o l l o w i n g  the technique of Meyerhof and

based on the [)emkov charge-transfer ~odel. At this time , the absolute

dct~ ct ion efficiency of our apparatus is not accurately known , so we have

arbitrarily normalized the quantity we2 in the figure to permit comparison

with the velocity dependence of the sum of lithium core-excited yields. We arc

encouraged by the velocity dependence agreement between we2 and the total lithium

y i e l d , and are presen t ly  exploring secondary mechanisms involv ing  fur ther

rotational couplings at larger internuclear separations and spin-exchange

effects to undcrstand how the excitation described above (which in a naive model

would popula te  only Li(1s2p2)2D) is shared with other exit channels. Of special

interest is the strikingly different behavior of the ls(2s2p 1 1~) 2 P and l s (2s2p  3 J ) )

e x c i t a t i o n  func t ions .  Since these sta tes have the same elec tronic con f i gura t ion ,

and becau se the nature of the prim ary exci tat ion mechanism requ ires that the

molecular orbitals correlating with the lithium L shell form spin s ing le ts, it is

not possible to explain thi s behavior in terms of single-confi guration models.
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Acc rd in g iy , we suspect  t h a t  sp i n — e x c h a n g e  and confi gur ation inter act ion effects

p l a y  an i i ~p n r t a n t  ro le  in t ile’ product  ion of t he  2 l’ s t a t e s  i n  t h e  (Lilk )~ sys tem

in tile energy range we hav e studied .

C.4 . Charge I .\ c h a n g e  by ~-1i i t  i pl y Cha r~’. ed Ion s iii Atomic and Mo l ecular

ilyd rogen , lie , and Ar at key I n erg  I Cs; an d by Prot ons at MeV Energ ies

The p ilys i cal basis of t h e se  exper iment s wa s e x t e n s i v e l > d isc ussed

in our renewa l proposal of one year  ago. i c  conf ine  ourse lves  here pr~ m an i l y

t o  a d i s c u s s i o n  of r e s u l t s  of fu r the r  analysis and runs on bot h types of

expe r imen t s  whose purpose was to e s t a b l i s h  c a l i b r a t i o n s , check reproduc ib i l i ty

of r es u l t s , ~~i n  down error bars on absolute cross-sect i ons , and inquire into

J ) o s s ib l e  a t o m i c  hydrogen hot target contamination problems which could be

ser ious  c~ uses of error in the sma l l  c ross-sec t ions  p r e v a i l i n g  for protons at

Me\ e n e r g i e s .  Progress in t h i s  area has been ~;u1 :;1 a n t  ia l desp ite the equip-

ment re locat  i on problems of our co i l  aborators  .1 . Bay fi  eld and L. Cardiner

who moved from Y a le  to P i t t  sbu rgi l  d u r i n g  the pas t  year .

Briefly, the preliminary electron transfer cross section data for

Bq~~, ~~~~ ~~~~ 0q~~, and p~l~ t r a v e r s i n g  Ii , H~ , lie , and Ar at tens of keV

energy :is discussed a year ago was analyzed in detail , primarily by L. Gard iner.

Sor e of the experiments were repeated by Bay f ie ld  and Gard iner dur ing June

of t h i s  year.  Some downward revision of the  p r e l i m i n a r y  data occurred in

this process , partially as a result of a discovery that the ORNL Penning

ion source used for the work i n t e r m i t t e n t  ly puts out. a ‘
~~ 50 h)lz pulsed beam

w i t h  a duty cycle of ‘
~~ 0.02 , l ead ing  to large detector  dead t ime connections

when t h i s  occurs . A table  of i n t e r i m  r e s u l ts  from L. I) . Gardiner ’s thesis

accompanies t h i s  d i scuss ion . When written up for pui)lication , subm ission 01

these results to Phys. Rev . A is contemplated . Single electron transfer

cross—sect ion s are given in t h i s  t a b l e  in u n i t s  of 10~~~ cm 2 at the beam

energ ies indicat ed .

_ _  
_ _ _  I



TABLE III.

Reaction kcV Present Data React i on keV Present Data

B2~ + II 16 31 ± 8 N3~ + Ii 24 36 ± 13

+ lIe 0.44 ± 0.09 + He 4.6 ± 1.7

+H 2 22~~ 4 +Ar 9.0 ± 1.8

+ A r  26± 5

+ H 32 46 ‘- 18

+ H 24 12 ± 4 + He 1.5 ± 0.6

+ He 12 ± 4 + Ar 31 ± 11

+ 7.5 ± 1. 6

+ Ar 8.2 ± 1.6 N5~ + H 40 56 ± 20

+ lie 10.6 ± 3.5

B~’~ + 11 32 38 ± 11 + Ar 26 ± 5

+ He 4. 0 ± 1.2

+ 112 19.6 ± 5.9 02+ + ii 16 2.2 ± 1.0

30± 8 6.2 ± 1.7

+ 112 1.6 ± 0.4

C + + 11 16 6.5 ± 2.6 + Ar 4.0 ± 1.1

+ H e  3.2 ± 0.9
+ H2 10.2 ± 2.8 0~~ + H 24 61 ± 21

+ Ar 7.5 ± 2.1 + He 2.6 ± 0.5

+ Ar 14.8 3.0

c3
~ + H 24 17.7 ± 6.1

+ He 14.1 ± 4.0 0~~ + II 32 50 ± 17

+ Ar 7.3 ± 1.8 + He 7.9 ± 1.8

+Ar 31± 6

C”~~ + H 32 50 ± 12

+ He 1.87 ± 0.55 0~~ + ii 40 65 ± 24

• H2 23 ± S + lie 17.5 ± 6.0

+ A r  28 ± 6  + A r  26± 7

N2 + H 16 4.2 ± 1.8 + lIe 48 10.4 ± 2.8

• He 5.3 ± 1.5 + Ar SO ± 14

+ 112 3.1 ± 1.0
+ Ar 5.5 ± 1.8 3ffe~ + H 16 15.4 ± 3.1

— _ _ _  —..- .-- . _ _ _  - -
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A St utl y of r eproduc I hi  l i t  y due to  poss i hi C cuilt  am i n an t  pr ob 1 ellIs in

our McV P 011 I i  charge  cxch ~ui ge c x p e r i m ( ’n t  s r e v e a l e d  su f f i  c i  ent sc at  t e r  in

cross sec t ion dat a obt a i ned a t  en erg i es a1s~ ’e I . 5 Me\’— — where  the C J 5 ) 5 S  — section

S SIfla 11 and St c’ep 1 y dccl  in I i i~ - — t o can Sc unee r t  a i n t y  about the error bars

t h a t  should i c  quoted . E x t e n s i v e  s tudi es wi th a cold oven showed that

c o n t a m i n a n t s  under  t liese cond i t  i oils wer e  not troublesome. What these

studies do i s t  guard a g a i n s t  is t h e  poss i  hi lit >’ that c o n t a m i n a n t s  arising

~ i thin t he  OV Cn O n l Y  when  the  oven is w h i t e  hot may occur .  As the II to

c o n t a u i i i a i i t  cap t u r e  c ross - sec t ion  r a t i o  is ‘
~ i0~~, a 100 ~~ 

conta~iinant

could  cause errors ‘~ l0 % .  At pre sent , t he n , it  appears that the  ~lcV p on

H r e su l t s  est i w a t  ed a y e a r  ago continue to be v a l i d  over the range of

measurement  up to  ‘~ 1.5 Hey , wi th  some e x p a n s i o n  of error bars c a l l e d  for

for projectile energies above t h i s  va lue .  For the P on Ii measurem ents ,

submission or publicat ion to Phys .  Rev . A on comp letion of the ana lys i s

is again contemplated . Further collaborat ive experimentat ion in the two

areas concerned in th i s  sub-section is not planned for the  sub scqu emt contract

year , as it appears heavy recent n a t i o n a l  laboratory fus ion  energy program

investment in this area makes a duplication of effort inadvisable.

C.5. Zero Field Quantum Beats in Helium Projectiles Excited in Single

Collisions in Thin Gas Targets

For several years the phenomenon of ali gnment in beam - foi l collisions

has been i nvesti gated in a number of laboratories , including t h e  Research

I n s t i t u t e  for Physics in Stockholm.  Here a l ignn cn t  r e f e r s  t o  t he  unequal

popul at  ion of m a g n e t i c  substates  of an ~xcitcd s t a te  formed in b e am - f o i l

e x c i t a t i o n , leading to quantum beats in the i i  g ilt emit  t ed dols ~ - - t  l e I W  of the

f o i l .  Whether  t h i s  IThen omenon occurs in b i n a r y  c o l l i s i o n s  i i i  t h i n  gas targets

had not been i n v e s t i g a t e d , perhaps due to t h e  smear ing out of t i le t 0

d e f i n i t i o n  prov i ded  by a t h i n  fo i l  target  by t he fin it e lengt h of most gas

target c e l l s .
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Durinl’ a short visit of the author to the Research Inst i tut e in

Stockholm on th e  way t o  GSI , his suggest i on to try an exploratory thi n gas

ce 11 experim ent us i ng t he qua l l t  11111 beat inca stire,ncnt ailliarat us a v a i l  ab I e the re

was re ad i  l v  accepted . The e f for t  was successfu l , and resul ted in pub l i ca t i ons

A7 , A24 , and A33. We will now discuss a few features of this new techn i que.

A significant advantage of using foil excitation is tile very short

i n t e r a c t i o n  t i n e  (s l0-~~ see). A significant disadvantage is the inabili ty

to relate observed excited state ali gnment to simple binary colli sion

amplitudes . Also breakage and thickening of the foil while exposed to the

beam , li m it the use of the technique with foils. To overcome t h e s e d i f f i c u l t ies

we have desi gned a short gas cell which can be moved along the beam , and is

short enough to resolve a beat frequence of I GHz . As a first test of the

techni que , the J = 2 to 1 , 659 MHz quantum beat si gnal in the decay of the

lie I t r a n s i t i o n  2s 3S - 3p 3P at 3889 A was examined. Since the gas pressure

in the cell is kept at the lowest possible level consistent with adequate

signal strength , we are working in the single collision region , where a

theoretical calculation of the degree of alignment i n  the excit ation should

be possible.

The 400 keV heav y ion accelera tor  of the  Research Inst i t u t e  of Physics

in St ockholm was used to  accelerate ‘~Ilc~ ions to energies between 200 and

350 keV . Th e exper imenta l  arrangement was s i m i l a r  to that  of a convent i ona l

quan tum beat bcam-f ~ i 1 experiment , with tile exciter foil rep laced by a 1 mm

diameter beam stop and a 1.5 mm long gas cell held at a fixed dist ance from

each other (Pi g . 12). The target cell motion was acc ompl ished  by a stepp ing

motor d r iv ing a p rec i s ion  screw. Argon w i s  chosen f o r t h c  exci ter  gas , Since it is heavy

enoug h to provide a large pressure d i f f e r e n c e  at t u e  c e l l  walls , light enough to l imit

beam spread , and sp h e r i c a l  enough to be o~ f u n d am e n t a i  i n t e re s t .  The argon gas was fed
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Into the  ~a s c cli t h i o t i ~ Ii flex ib Ic tube to fac I Ii tat e the vemeiit of’ the

cell. Because of the cell length lim itation , no differential pump ing was

used . The pressure difference between the cell and the target chamber was

estai)]ishcd only by the small beam entrance  and exit apertures. To av oid

excess ive  rest gas excitat ion outside the gas cell , tile argon pressure was

kept at such a low level that the pressure grad i cut  o u t s i d e  the ce l l  was

on 1>’ noticeable as a vary I ug background within 1 mm from the cell. The

t o t a l  pressure in the target chamber was ~ 1 x l0~~ torr , which is stil 1

enough to pr od u ce a con s t a n t  b a ck grou n d of l i ght from res t -gas  exci ted

beam partici t s. This background could be corrected for by measuring the

rest-gas e x c i t a t i on between the 1 miii diameter beam collimator and tile

ups t ream ce l l  w a l l .  Ill a t yp i ca l  run at optimum pressure , this background

correction amounted to 2O~ of the total signal. The 3889 A line in lie I

was observed using a 35 cm Heath nonochromator equ ipped with a cooled EMI

6256 photom~m 1t iP ]icr. The coupling of the monochromator to the beam was

achieved by two lenses g i v i n g  a 1:1 correspond ence between the 0.25 mm

wide entrance slit and the length of the beam being observed. In the

p a r a l l e l  l i gh t  i)eaun between the lenses , a Po lawat  105 UV polarizer and a

Hanle wedge depolarizer were locat ed , thus making it possible to compai~~

the intensity of light polarized parallel and perpend i cular to the beams

I thout correct  ion for  the inst rumental polari zat ion in the mono chro iiiator .

Decay curves were generat ed by recording tile l i ght i n t e n s i t y  as a function

o f c e l l  p o s i t i o n  in 0.5 mm steps and adding together  t he  resul t  of severa l

such runs.  The scanning speed was regulated by a monitor photomult iplier ,

which recorded l i g ht at a f ixed d i s t ance  from t i le  c e l l .  The enei~~y of the

beam was me~isur cd to within 0.5~. by a 0.5 iii mean radius e l ec t ros t a t i c

a ma 1 yz er.
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In 11 g. 1 :c, a d ecay  c u r ve  at 3$t~ l A i s  shown recor ded in  l i ght polari zed

p a r a l l e l  (‘~ 
) and pc’ rp end i cu I ar ( I  ~~ ~ t o the beam. The Ii ght was oh Served

at an ami g l C (1 ~lO ° to  t he beam.  The beat frequency was measured 1 0 l) C

9 ~ i z in good ii , recucilt W i t  11 t he more precise me a si r emen t  s by Than

who ~t a l a d  t h e  v a l u e  658 .76 ± 0. 13 MHz . As can he seen from the  f i g u r e ,

t h e  t ~~o polarization di  cccl ions  ha ve  a p ii~m se d i f f erence of ii r ad i ans , w i t h

I~ p h a v i n g  a ;axi rnuln at the  gas cel l  p o s i t i o n .

The adjacent  t a b l e  s u m m a r i z e s  the  measurement s of A~
0l (0) as obta ined Ir a:; ,

t h i s  e X p e r i w e n t , where A~ 0l is (o 3~~ci0) / ( o 042o 1 ). Here 00 and o
~ 

r ef er to

cross  Sect  ~OflS for population of in = I and 0 states , r e s p e c t i v e ly . The

resu l t s  are compared w i t h  fo i l  e x c i t a t i o n  data  ob ta ined  by us under very

similar condit ions--the same beam e n e rgy  (238 keV) and the  same bean current

a f t e r  the ~~c i t c r (2 pA) . At 330 keV t h e  beat si gnal indicated an alignment

coupitrahl c to t h e  one measured at 238 keV . A theoret  i c a l  a l i gnmen t  ca lcu la t i on

for this single-collision case is clearly desirable.

In t l i i  5 cxper I aent  we have demons t ra ted  the p o s s ib i l i t y  of u s i n g  a

movin g ga s - ce l l  t a r g e t  in fast  -beam quan tum-bea t  exper iments , when a modera te

degree of s p a t i a l  coherence is s u f f i c i e n t  (beat f re qu cnc i c  of a few hundred

M h z ) .  The most a p p e a l i n g  advant age of t h i s  new techni que is the p o s s i b i l i t y

of t e s t i n g  theor etical calculat ions  of a l ignmen t  of a few per cent or more

for  s i n g l e  b ina ry  c o l l i s i o n s .  Such smal l  a l i gnments  arc very difficult to

de te rmine  in i i i  eg ra l  ( n o n — q u a n t u m - b e a t )  po lar i  za t ion  measurements , because

they  t end to t ime  average to  n e a r l y  zero . The subt r a c t i o n  of comparable  l arge

numbers , I j~ 
and I

•~ , , l ead s to great statistical errors , while imperfections

in the p ol a r i z a t o r  iiia y cause s y s t e m n a t  Ic e r ro rs .  Similar l inii t a t ion s

apply to m t  egra l— radiat ion , angu lar—distribut i on measurements. Rel i ab l e

exami ij il ion of the variat ion of al l gnmnent with beam energy (including the
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TABLE IV

col . . 3 .The degree of alignment , A0 (0), 
in Ar excited 3p P in lie I as measured

fro;: t he z e r o - f i e l d  quantum heats (3 = 2 - 3 = 1) in the decay of the

2s 3S - 3p 3P t r a n s i t i o n  at 3889 A , measured at 238 keV beam energy.  The

v a l u e s  iii the two first lines come from a least-squares data fit , the

error li n i t s  repre enting two standard dev iations.

A~
O1
(0) = -a~~/(1 - 5/9 a 1 ~

) - 0.046 ± 0.008

A~
0
~ (0) = 2aj./(l - 5/9 a,~,,) 

- 0.045 ~ 0.019

A~
°’(0) = -2 amplitude of (Ii, -l .~..

) / ( J i i  +2I,~,) - 0.044

U s i n g  a 10 pg/cm2 carbon foil for the excitation , A~
0l
(0) was measured

to be -0.080 0.01 at 238 keV beam energy .
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study of regions in which the alignment is small) under single-collision

cond i t ions , and eventual  extension to study quench ing of a l ignment  tinder

condi t ions of h igher  gas pressure are possible , fruitful applications of

the new techni que. It is hoped tha t  co l l abo ra t i ve  measurements can Continu e

as ou t l ined  in Section 1) of this proposal.

C.6. Discussion of Miscellaneou s Publications , Activities , and Inves ti gations

Related to ONR-supported Research Activities and Publications

Several contributions to scientific books and magazines of a general

nature  are expected to be published duri ng the forthcoming contract year.

Al is a book in the new Springer-Verlag Series , Top ics in Modern Physics ,

edited by tile author , and containing chapters by S. Brodsky and P. Mohr

on quan tum clectrodyn anics , by L. Armstrong on relativistic atomic structure

theory, by J. S. Briggs on ion-atom collision theory , by P . Mokier  and

F. Folkmann on x-ray production by h eavy ions , by N. Stolterfoht on electron

production by heavy ions, by the  author on extensions of beam foil spectroscopy ,

and by S. Datz on atomic collisions in solids. A2 is a didactic article for

other physicists on the methods of BFS by I). J. Pegg, co-principal investigator.

A4 is a more general a r t i c l e  on t h i s  subj ect by t he  same aut hor for the

na ti onal readersh ip of tile magaz i ne “Scientific American .” AS is a contribut i on

concerning the work described in Section C. 1 and D. l  of this proposal ,

solicited by S. 3. Smith , outgoing chairm an of the Divis ion of Elec tron and

Atomic Ph y si cs of the American Phys ical Society , for the an nual review of

hig hlights in phy sics publ ished by the Amer i can Instit u te of Physics.

The work described inScctionC. 1 .2was accomplished in a collaboration with

German scientists (Prof. K. 0. Grocncveld , Dr. S. Schum ann , Dr. R. Mann , Dr. P. Mokier ,

Prof.  P. Armhruster , and others) at the GSI accelerator at E)arinstadt , West Germany.
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Tb i s new l i n a c  i s  the pri nci pal heavy part  i d c  accelerator in Germany, and

has capahi  l i t  es exceed ing those of an y  ana log  in  the U.S. at the present

t i m e .  The c o l l a b ora t ion b ga i t  with a v i s i t  of Groen eve l d  to our l aboratory

d u r i n g  t h e  period J u ly — S c p t  ember , 1976 , coot inued w i t h  a v i s i t  of Dr.  R .

Pet er :;on to  Groc ne v c ld ’  s l abora to ry  i n  Germany du r ing  the  period October , 1976

January , ]~i77 , continued w i t h  a s t ay  of the author at GSI during the

pe r iod  Apr i  1-September l~) 77~ and amy cont inue with subsequent experiment s

both at GSI and at the hiolifie ld Heavy Ion Accelerator under construction

at Oak Ridge  (see Section on F a c i l i t i e s ) .  The author ’ s res idence in Ger m any

was f a c i l i t a t e d  by receipt  of an Alexander  von Humboldt Foundat ion Senior

U.S. Scient ist  Award . A senior F u ib r i g h t  h ays g ran t  for 1977-78 was also

awarded the author , hut could not be used for the same purpose because

regulations concerning dual grants. The research in  sub-sect ion C. 5 was

accompl ished  d u r i n g  a short stay of the author in St ockholm as a guest of

the Research Inst itute for Physics , while en rout e to Gernany.

Currently Dr. H . Suter from the laboratory of Dr. IV. IVoIfli at the

Swiss Federal Institute of Technology at Zurich is in r e s idence  in our

laboratory, and is a new participant in our ONR sponsored research , rep lacing

R. S. Peterson , who has accepted a position at another University , and

1)z1rt i
~~lly replacing R. S. Thoc, who has been appointed a s s i s t a n t  professor

at LJ.T.

Professor J. Wright (Univ. of New Ihampshire) and 11. h ayden (Univ. of

Connecticut) have returned to their home institutions following sabbatical

leave w i t h  our group. Their participation in ON I t sponsored research was

discussed in detail in our renewa l proposal of one year ago.
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I). P~~posed Research for the  Subsequent Cont rac t  Year

Some of the experiments  to be proposed re la te  c lo se ly  to accomp l i sh-

ments and d iscover ies  of the past contract  year.  Others r e l a t e  to more

specula t ive , explora tory  exper iments.  To the extent poss ib le , our discussion

will be paia]lel to the corresponding sub-sections of Section C, wh i ch de al s

with work accomplished in the l)reseflt contract year.

D.l . Production of Multi ple Electron Excitation and Ior.ization by Impact

of Highly Charged Projectile Ions on Ligh t Atoms and Molec ules

As noted in Section C.l , when a h ighly charged projectile collides with

a lighter atom , or a molecule containing lighter atoms , multiple electron

vacancy production in both inner and outer shells of the target system is

sign i f ican t ly more prob abl e than single el ectron processes at impact

parameters where the latter processes are likely. For example , it is found

that for Ar 18
~ ions incident on Ne atoms at impact parameters intermediate

between K and I. shell radii , violent events like simultaneous removal of

9 of tile 10 neon electrons accompanied by excitation of the 10th (e.g. to

the hydrogenic 2p state) had substantial cross sections , even under single

collision conditions. For high velocity collisions (beam energies of a few

MeV/amu) the target atom recoil velocity is so small that interesting long

term possibilities for precision experiments on ions in multiply ionized

and excited states certainly exist. The large production cross Sections

and the reduction of l)opp l er spreads through reduct ion of v/ c by SOnic 3 to

4 orders of m a g n i t u d e  compared to fast , foi l stripped beam s undergoing

decay in f l i ght i n d i c a t e  good prospects for such exper iments .
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In the ne are r  t erm , llowc vcr , fun damen ta l  q u e s t i o n s  conce rn ing  mu It  iji 1C

e lec t ron  e x c i t a t  ion and i o n i z a t i o n  processes cert a i n l y  cxi si . As also not ed

in Sect ion C. I , it has neve ~ been clear what u It mat e ly  happens to the ejected

elect roti s , ci  tiier cx per i  meilt  al l y or t hc orc t  ica 1 ly. Do they tnd up in  e x c i t e d

but bound st a t e s  of t h e target pal’t I cl e or of t h e  proj  ect i le? Or do they end

up in coOt inu tn ;i s t a t es , and if so , centered on which particle? Or if all of

thc: e events occur , ichat are t he  l i k e l i h o o d s  of the  var ious  outcomes?

We propose to initia e a series of experiments on these questions which

are l ik e l y  to extend wel l  beyond the f o r thcoming  contract  year .  Approximate

lower l i m i t s  on cross sections for multiple bound state L-shell excitations

arc known fro:n the ~ 
12+ , C1 12+ on Nc experiments  of the present  c o n t r a c t

y c ’r , as descr ibed in Sect ion  C . l . l .  A present i t  i s  not known whether

t r a n s i t i o n s i n to  ~)r o j e c t i l e  or target-centered continuun states or into

bound states of the proj ectile in the same collision have the g r e a t e r

prt)hahi ii ty.

The amount of theoretical guidence on such questions is minimal. In

the model of Bottcher (J. Phys . R I O , 1445 (1977)), the h i g h l y  charged

proj e c t i l e  ions cam CS CU I ) C w i t h  most of the sys tem e lec t ron s , wh ich  become

long term f e l l o w  travelers of the proj ectile as i t  moves outward from a

c o l l i s i o n , but are not a t t ached  to i t  in the sense of occupying bound orbits.

Many-e l ec t ron  capture  i n to  cont inuum s t a t e s  of tile 1)r oj cc t i lc , a process

whose impor tance  for s ingle  elec t rons  was r e a l i z e d  a few years  ago (Crooks

and Rudd , Phys. Rev .  Let t .  25 , 1559 ( l ) 7 P ) ,  .1 . Macek , Phys . Rev . Al , 235

(1970)) ,  1 an appropr ia te  descr ipt i on of what  Rot tchcr  ass  e r t  5 to be t h e

dominan t procc~~ . Eichlei (l ’hiys. Rev . A l ~~, 1856 (1977)) has instead

concentrated on a non-pe r tu rba t ive  I)u~ o the rwise  more t r a d i t i o n a l  descr ip t ion

in terms of i o n i z a t i o n  of e lectron s into t u e  t a rge t  continuum within the
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framework of the so-called Magnus approximat i on. Since the assert ion of

Bottcher  has not yet been tested e x p e r i m e n t a l l y ,  which mode of m u l t i p le

ionization is in fact domin ant is not yet established . h owever , our

Cx1)erimentS On ~~~~~ Cr
12
~~on Ne doshow that mu l t i p l e  excitation

of target electrons into higher , previously unoccup ied bound orbits of

the t a r g e t  at om is also extreine]y probable , indicating that multi ple

target electron excitation provides an important if not dominant  con t r ibu t ion

to the multi ple electron rearrangement process , which may not be ignored

compared to continuum capture processes.

D .1.l. Multi ple Electron Lxeitation into Projectile Continuum States

We propose to beg in experiments  on multi ple electron excitation into

projectile centered continuum states for highly ionized projecti les traversing

l i ghter gas t a rge t s .  Const ruct ion has begun on apparatus incorporat ing a

smal l  spher ica l  sector electrostatic analyzer whose entran t central  ray

coi ncides w i t h  the  beam direct ion , and whose entrance focus l i e s  near the

cent cr of a short target gas cell. The projectile beam passes through the

large radius plate of the spherical Sector analyzer for collection and

normal izat ion purposes. Target gas pressure is to be controlled and

measured by a capac i t ance -manomete r -bas e d  measurement  and feedback contro l

syst  em. The app a r at  us will fi  r st be assembled , t e s t ed , and cal l  brat ed

usi ng the 50 keV accelerator system completed dur ing  the last contract year.

When satisfactory agreement with the lower energy and chargc state work at

Ncbrask:i , Georgia . and elsewhere is obtai ned , the  apparat us w i l l  be moved to

the  ORNL. tandem accelera tor  for use w i t h  hi gh projectile charge state

beam s (e.g. , S 17
~ on No).
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P.1.2. Projectile Charge State Dependence of the Production of the

(ls2s2 p) L~P St at e of L i t h i u m l i k e  Target Ions Under S ing le

C o l l i s i o n  Condi t ions

As noted in Section C.l.2 , the (ls2s2p) ~P state is the most

i n t ense ly  excited stat e in high charge state p r o j e c t i l e  exci ta t ion of

l ighter  t a rge ts .  Since the decay of this state arises from competition

between Auger electron and M2 radiat i on emission whose rat es are known ,

the fluorescence y ield can be accurately estimated . Charge state dependence

measurements will , therefore , overcome the ambiguity which affects many

charge state dependence measurements in the x-ray channel. This ambiguity

arises from poorly known , charge state dependent fluorescence yi elds.  Such

a charge state dependence measurement would test another , cur ious fea ture

of Bottcher ’s model--significant structure in the charge state dependence

of multiple electron excitation . In particular , Bottcher has calculated

the charge state dependence of 10 electron excitation of neon by Arq~ impact

on neon at 1.4 MeV/anti. As his model also predict s that for smaller numbers

of multiple L shell electron ejections the K-electron removal probability is

the l i m i t i n g  pr obab i li ty in a produc t of many , it is p laus ib le  that  such

structure will occur in the 8 electron exci tat ion needed to populate the

1s2s2p ~P states. Thi s experimen t , sugges ted by the au thor wh i le in

residence at GSI , is presently cont inu ing at that labora tory us ing the Auger

elec tron spectroscopy facility there. At the moment a capacitance manometer

monitored gas target is being prepared to replace the gas jet target whose

density inhomogcncities have caused excessive data scatter in preliminary

runs to date.  It is ant ic ipated that  t h i s  experiment w i l l  cont inue on a

partially collaborat ive basis during the coming contract year.
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1). 1. 3. I ) c l a v e d  Co inc idence Li fet  ime Measurements  on Long-Lived Auger

Im i t t i n g  States  of Multi ply Ionized Target Atoms

Continuation of collaborative delayed coincidence lifetime measure-

ments on ‘iger emittin g st ates of cq~, Nq~ , ~~~ and Ne tl
~ ions at GSJ as

(hescribed in Section C.1.2 is proposed , assuming a continued close collabor-

at i on with our German colleagues turms out to be feasible. Effort s to make

more systematic tar~ct gas pressure dependence measurements will begin when

t h e  gas c e l l  appara tus  re fe r red  to in sub-sect ion P .1 .2  is in p lace .  Excited

state q u e n c h i n g  cross-sect  ion measurements are the obj ective here.  Progress

in t h e  pro j ects  described in sub-sect ions P . 1 . 2  and P.1.3 depend on the

degree of succes s  we exper ience  in con t inu ing  th i s  co l labora t ion  on a

m e a n i n ~ f u l  b a s i s  desp i t e  the  separation of the (iSi laboratory from

local ly available facilities.

P.1.4. Recoil Fragmentation Subsequent to Hi gh Proj ec t i le  Charge State

Impact on Molecules

To the extent that time permits we propose to c o n t i n u e  the molecular

fragment reco i l  ~tudics which are the subject of papers A25 and A40. While

these st ud i e s began co l l abo ra t i v el y at GSI and will continue there on a

p a r t i a l l y  c o l l a b o r a t i v e  basis , we propose to construct apparatus suitable for

such studies locally as well. A new cylindrical mirror electrostatic analyzer

is available for this pu rpose. As noted in Section C.l .2 and in the Section

on Rationale and Facilities , the multi ple rearrangement of the electrons of a

heav i ly  ionized  target  molecule between the atomic centers pr io r  to Separation

is a type of dissociation phenomenon whose study is just beginning. h ere again

the smal l  atomic recoil owing to the  short interaction time a highly  i onized

projectile spends in the vi cinityof a li ghter target atom is a key feature

of the excitat ion method , which is help ful in restoring an approximately two

body aspect to the subsequent dissoc i at ion phenomenon . In part i cular , we
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propose to t ry  an a l~’z ing  the recol 1 ion energy and charge state spectra

directly as opposed to indirectly (as at present )  through analysis of tile

Auger elect rolls ejected from the fragments. A substantial effort to

adapt a recently acquired cylindrical mirror analyzer to a new ultrahi gh

vacuum cross , associated flanging, valving, and supporting hardware will

be requ i red to accomp lish this objective.

P.2 . Collisional Production and Electron Spectroscopy of Core-Excited

States of the Alkali Metals and Alkali-like Ions

As discussed in Section C. 3, it is puzzling how steep the excitation

function for population of such levels as Li ls(2s2p)3P 2P, ls(2s2p)1 P ~P,

and 1s2p2 2D for 10-50 keV energy Li~ on lie collisions seem to be , and how

differen t the excitat ion funct i ons for the s inglet  vs. triplet parentage 2P

transitions seem to be. A number of short discussion s with J. S. Briggs ,

who has been visiting ORNL from I la rw e l l  recently, has led to a better

understanding of the double rotational coupling mechanism which seems

needed to account for st rong populat i on of tile 2D state. Further analysis

of the data acquired during the  past con trac t year , supplemented by such

new data on this or other collision systems as seems required is proposed.

Unders tand ing  bow t h e  l s 2 s 2 p  s t a t e s  a re  populated , perhaps through a

subsequent transition start i ng from the 2D state , is a basic goal. Account ing

for the strong difference in excitation function s depending on whether one

has s ing le t  or t r i p le t  out er shel l  spin coupl ing is also a major goal. The

reasons for this stron g d i f ference  are not understood .
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1) .3 . U~ ip I et m u  of Li l e t inc ~u uid  (21! iTl tu nI Beat. Stud ies i i i  E l e c t r o s ta t i c

l ine kt nic ture (An = 0) T r a n s i t  in n s  in  h e w — E l e c t r o n  Meta l  Ion s

What can be lea ru ed concerning fundamental at on c s t r u c t u r e  problems

as w e l l  as related t echi ni cal app l i ca t i oiis has been di sciussed ext en.sively

III Sect ion C. 2 of t h e  present  proposal  and in our propos al of one ye ar  ago.

Wc theref ore re strict discussion here to describing how this work is to he

coot i nu ed , to what ext cu t it is cxj ) e ct  cd t o be comp le ted , and what new

ux p er i  men at  ion i 5 coot emp I at ed.

A substauut i a! amount of dat a on thi s subj ect has been ae~ u i  red within

t h e  p a s t  c o o t  r a c t  y e a r . ~t u c h  of  i t  has a s  y e t  o n l y  u n d e r g o n e

all  3 1 v si s , a nd  n ow r e q  u i re S p r  epa r a t  i on f o r  p u b  I i C a t  i Of l  J u l

w r i t  t en 1 o r m . l:x a rp 1 Cs a rc I n  = 0 decay s t u d  i e s in N a — I i k e

Lr o a i n e  (paper ~\27) , L i — l i k e  and Be—like iron (A28) , C— , N— , 0— , and F—like

chlorine (A~9) , Li — , Be— , and 13— l i ke chlorine (A30) , Li—like aluniiiuus and

Ee— l ike p L~~;p horous (A3l) , and Li  — l i k e  and Be— i ike silicon . Because of the

a rgr  vo l  time of sue Ii dat a , COIl!) I et ion of preprirat ion of such  re s tu  I t s  foi’

pub I I eat ion i s expect ed u ov e r l a p h i t  o the suh s~~ueii t coot F: ’ et year. Because of

this I ar~e v ol u me of new data  and si gni f i  c an t  rec en t  improvement s in the

agreen cnt of theory and experimen t , i t  is felt t h at f i i  r t  h e r  CXJ ) er i m cii t S

in this ai -e:~ shou ld  t ’ &ui r r iil l v  e de fe r r ed  in favor of new invest i~::I t iOfl S I I )

t h e  su i b sc ~ :iei , t  cont ract v c : i r .

An ex cep t  ion  is t h e  u n u su a l  j ilt ens it ) beat s di scovered in H— shell

An = 0 t raius it i outs , even t ho e whose upper l evel corresponds to J = 1/2

(cf. art i d e  A i 5 )  . W h i l e  it was ori gina l ly thoti~ ht that hyperfine inter-

act I o i i : ~ mi ght be involved , mou ’e recent ob s er v a t i o n s  of very si uui i l a r  beats

in foi l cxc i ted ~‘~‘N ~ rce 1ti (l ( , this possii)i 1 ity. Hence new exper iment s

designed to  look for ut i ler  e f f ec t s  which ITlodulate cascade feed transitions

arc cont emp l ated. A search fo~ modu l at i ons in a longer  w~1veleng til feed

transition in sodlunllike Cu or N i  seems a l o g i c a l  f i r s t  step . 

.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - - - 
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1). 4. Au gnmeui t in Single Coil is i oti s by a QU a nt U m  Beat Techn i que

In Sect ion C. 5, t he s iccess of an a t t  empt to measure the alignment

tensor componunt  in t he sing le col ii s ion process (lie 4 ~ Ar -
~ lIe 3 3P) +

was dccc r i bed . WIi i I e of course such a 1 i gnm ent  phenomena  have been enc oun tered

for a uitinh er of years in foil cxc it at ion exper iments , the key di s advan tage

of such foil excitation eYpcr isent is t he  compl e te  abse n ce of a deta i led

theory of what the ani sot ropy oii ~~ht t o  he .  Since the  chance i s  much g rea te r

hat re ! able theoretical pre~Iic t  ions can be mad e for b i n a r y  ion—ato Tii

co l l i s i on s at well defined velocity, and since then one has the possibilit y

of c ompar ing  measured s ing le collision alignments in foil and gas targets ,

it i S proposed t o  con t inu e such experiments by means of s t u d y i n g  the  beam

C l u e  de pendence of SUCh ali gnment s comparatively as a function of beam

energy, in the lle~ -Ar and other collision systems. It is hoped that further

collaborat i on with personnel of the Research Institute of Physics in

Stockholm (.1 . Bro uui ander , L .  Liij Cl))’, L.  Lundin) on this suhj ect wi 11 be

possible. Ultimately it is hoped that it will be possible to understand

the observed a1 i t~iiineiits in terms of molecular curve crossing models akin

to those discussed in Sect ions C.3 and P.2.
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R A T I U N \ L l  ( i i - 111k ! W c : u I ’ )  RI I

Acce I erat or ie i  sed i t  or : ic and uiiol ci. u I  ar p i lys i  cs cont  i noes to be a rapidly

e v o lv i n g  n ew fic~d . The present ahil i t )  to create a l m o s t  any ion charge and

excitat ion t ate of any e l e m e n t  at l eas t  as heavy as k r y p t o n  and a good many

ch arge and cxc it at ion s t a t e s  of siib:,t auit i a l  ly h e a v i e r  e l em en t s  has pr ov ided

t h e  t e c h n i c a l  means for s tud ies  of the s t r u c t ur e  and L~ fet imes of f e w - e l e c t r o n

ion s , photon ari d e l e c t r o n  spcctroscopy of bot h few ’ - and many - e lec t ron e x c i t e d

s t a t e s , and c o i l  i s iona l  product ion  and quench ing of these  ions in bot h s o l i d  and

gas eous t a r d e t s . Many of t h e  states found are m u l t i p ly  exc i t ed , have hi gh

a n g u l a r  mo::eri t a , high )  e x c i t a t i o n  energies , and decay not on ly  by allowed

~~~~~~~ hut a l so  t hrough s t rong v i o l a t i on of the normal  select ion ru les  for

r a d i a t i v e  and a u t o i o n i z i n g  processes.  Theor ies  of e l e c t r o n  e x c i t a t i o n  and

i o n i z a t i o n , e l e c t  ron r e a r r a n g e m e n t  in ion—i m pact coll isions , and the  pem e t rat i o n

of charr~ed p a r t i c l e s  in ma t t e r  arc a l l  rcce iv in~ new e x p e r i m e n t a l  input  from

t h is  rese:i rch.  New phen omena no~ prev ious l y considered by or qUfl f l t  i t  at i \ ‘ely

accou st ed for by these t h e o r i e s  coul t in u e  to crop up.  M u l t ~ p lc i Otl i at ion and

e x c i t a t i o n  under  s i n g l e c o l l i s i o n  c o n d i t i o n s  are examples.  Many of t he

observed p heno m ena are common t o  both ion beam exper iments  and to  (oft en l a s e r

induced ) p1 :i :ma exper I u n e n t s .  There are a l so  s i g i n i f i  cant  d i f f e r e n c e s  among

these excitation mo le which requ i re clarification . Cha rac te r i zat ion of even

ver y ba s ic p henomen a — e. • , multi ple i o n i z i t  ion — iS St ~ 11 rud i m e u t t  ary .

Subj cc t matter tinder St ud; in our laborat  ory i n c l u d e s  fu n d a n m e u t t a  I atomic

s t r u c t u r e , i n n e r  and outer  s l id  1 v a c a n c y  1) FO ( I r i r ’t ion by heavy part ic les , subsequent

emiss ion  of r a d i a t  ion ( l i ght , x— r a y s , Auger  el ect ron s) d u r i n g dec ay of a t o m i c

st a t e s  o moving  ion s and of tar1’et atoms and molecules , the  s t r i pp i n g  and

cap ure of e! ect ron s from m~v j i l l ’  ion s i u t o hot Ii hound and con t i n u unm St at es

the wave leng th s  au u d t r a n si t  i on proba bi  l i t  I es for cxc it ed heavy ions in high
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s t a t e S  of ion i :at l ou  (pa m -t  i cu l a r l y  heavy ions in p i a smas)  , and collisional

product inn of e x e i t u d  s t a tes  of heavy  ions that mi ght he usefu l in xuv , uv ,

and x-ray laser development . These subficlds within the larger field of

accelerator based a t o m i c  and molecular physics are prominently ment i oned in

the recent National Ac~idcumm y of Sciences-National Research Council panel

report (lt)7() Surveying the larger field , an effort chaired by B . Cr ascmann.

We believe the program omi t l i n e d  ill t h i s  proposal contains  many of the features

strongly endorsed by t h i s  NAS -N R C I ) anel .

Amon g our s p e c i f i c  goal s of the  past few years  have been studies of the

e X c i t a t i o u m  and dec ay modes of long-lived , often metastab le states of highly

ionized and exci ted ions , which decay m a i n l y  by photon and Auger elcctron

emission through viola tion of select ion rules. Since first order matrix

elements  desc r ib ing  t r a n s i t i o n  p robab i l i t i e s  are then zero , a measurement

leverage advaultage arises concerning more subtle , selection rule violating

interaction s like highly Z dependent magnetic or other relat ivistic interactions.

Occasionall y, consequences of quant um electrodynamic interaction s also affect

measured t ransition probabilities directly, resulting in opportunities for

tests  of qed.

With the advent of better relat ivistic transition probability

calcu]at  io~is , imp r ov emne i l t  of conf igu ra t ion  in teract ion t rea tments, and greater

use of i n t e r m e d i a t e  angular momentum coupling schemes where appropriate, the

convergence of t heory and exper imental  resul ts  in th is  area depicts great

recent progress in both. It thus becomes log ical to shift empha5is more in

the d i rec t ion  of stud ying more poorly understood co l l i s ion  phenom ena which

govern populat i on of these states of h igh  e x c it a t i o n , i o n i z a t i o n , aii d a n g u l a r

momentum , in bot h proj e c t i l e  and ta rge t  systems. For h i g h l y  ionized systems
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the h i t  e r :  1 i o n S  arc strong, p e r t ur b a t i o n  t reat  u m m e n t s  of the electronic mnot ion

b ( ’cor:he le s s  and less use fu l , and m u l t i p l e  electron tra um sit ions b ec ome the

rule r at h e r  than the except ion . A nuumll )er of our cur ren t  and proposed

p r oj  ci. 1, S x e  I i t e to t l i e  s t u d y  of sue ii phenoTneula

O w i n g  to t h e  l a r g e  c r & e ~s- s e ct i on  for  p r o d u c t i o n  of such m u l t i p l y

i OIli :ed and excited states in t am d e t atoms and m o l e c u l e s , i t seems advantageous

to c o n c u r r en t  lv  ex p l o r e  t h e  ex t  cult to w h i c h  Poppi em’ s h i f t s  and spreads wh ich

~ iague t k i .  sl eet  roscop ic a c c u r a c y  of fas t  hea mim a tomic s t ruc ture  expe r imen t s

can be avoided. The outlook is bri ghtest at as high collision velocities

as possible , for then th e recoil velocities are smallest .

In the field of chemi st  ry,  the  m u l t i p le  rearrangement  of the e l ec t rons

of a t a rge t  m o l e c u l e  betw een t he  a tomic  c e n t e r s  is a type of d i  ssoc i at ion

1)l~ ’n0111efl0T) whose stud) ’ is  j u s t  beg i n n i n g .  h ! c m ’ e aga in , i t  i s  tec hni c a l l y

m i t  or a l  to  st ud y such p h en oun ena c o n c u rr e n t l y ,  us ing e x c i t a t i o n  by fas t ,

h i ghl y io n i : e l  p ro j ec t  i les t o  s u d d e n l y  produce unulti ply  f t r i : e d , i n i t i a l

m o l e c u l a r  s ta tes  in , for example , a d i a t on i c  m o l e c u l e .  Again , the  a d v a n t a g e

at hi gh collision velocities is the rap id r e r r t rv ; i l of the  c x c i t i u i g  p a r t i c l e

to l a r g e  di  t ances and the  smal l  atomic r e c o i l , p eruu i i t t  log  s tudy of an

approx imate ly  two-hod > ’ break up process in which u rm ul t i p le  e lec t ron  t r a n s i t i o n s

are 1 r: j w i t  arm t

Each of these four  prograun areas is represented iii sections C and D

of t h e  pre erm t proposal , which deal reSJ)CctiVely w i t h  current and proposed

re search  p ro j ec t s .  I u t  the subsequ ent sec t ion , t he  f a c i l i t i e s  available to us

for  c a r r y i n g  out our program in each of these  areas arc described;
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FACiLIT IES

The abstract and suumlmliary work statement of this proposal together

w i t h  the sect i out concern i u lg r a t i o n a l e  serve as an adequat e int roduct ion to

the type of experi urm ental l)robleumls we have been interested in in the l)ast and

the  d i r e c t  ions in which our experimental program has been moving. We discuss

here the o v e r a l l  ex l ) c r im en t a l  b a s i s  of our program and the facilities available

for it. We rely heavily on accelerator tine and basic accelerator support

facili ties provided to us mainly by the Oak Ridge Nat i onal Laboratory and on

occasion  by the Brookhaven National Laboratory, the Lawrence Berkeley Laboratory ,

the Ge s e ll s c h a f t  für Schwerioncnforschung , or other i n s t a l l a t i o n s .  It has

been DOE and ERG po l icy  to make t ime on these  accelera tors  ava i l ab le  to

qualified outside users whose experimental proposals are favorably reviewed

by scheduling committees at the installation concerned. Generally, these

facilities are a v a i l a b l e  at no charge to the  user , who however , must provide.

a l l  exper imenta l  equipment and personnel specific to a particu l ar experiment

proposed by t i le  user .  In recent months our users ’ group has been a l loc ated

more than 80% of the tim e it has requested on the Oak Ridge tandem acclerator ,

on the Oak Ridge Isochronous Cyclotron , on the Oak Ridge multiply charged ion

source test facility, on the Brookh aven MI’ tandem acce lera tor , on the Berkeley

IULAC , and on the GSI UNILAC for the particular experiments we have proposed.

While there is no guarantee that we will cont inue to be allocated accelerator

t ime at the  same rate , we have every expectation that such time will be made

ava i l a b l e , either at O R N L  or at other national and international

f a c i l i t i e s  which customarily serve outside users. Uence , the

budg et for this proposal does not reflect total -osts of the

work proposed , but only the f rac t ion  of t n e  cost which is concerned with

sa lar ies  of scient i f ic  personnel and w i t h  ope r a t i n g ,  cap i t a l  equipment ,
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and t u tec 1 expend it i i  t’ es s p e c  i f I c t 0 t he proposed rco m l .  Bud geted costs

r e f l e c t  , theu~ , unIv approx i mately hal f of the t o t a l  cost of t he

p ro j oad work!

Severa l accelerators at the Oak Rid ge Nat ional Laboratory arc

equ i pped for the  ;icc el era t i on of heavy ions suitable for a t o m i c  phys ics

and are regularly us ed by us. In this srule:e ct ion the kind s of ions , their

charge s t a tes , and energ ies  a v a i l a b l e  at each acce l e r a to r  are desc r ibed .

The O l tNl  Tandem Va n dc Gr a a f iA e i . e l e r ; i t o r  — This unachine is a type [N

t ande m bu i l t  i)y h i gh Voltage Eng ineering Corporation . The useful

upper voltage limit is 6.5 MV and the machine has been run as low

as 1.5 MV w i t h o u t  difficulty. Its ion sources are capable of

prod r i c  ing  1;ca::is of most heavy ions ~p to energ ies of 40 to 50 McV ,

in qmia nt ities m’au Iging from nanoaunperes to microam i m per e s  d e p e n d i n g  upon the

ion and t h e  ch~~~ge S ta t e  re~ r m i red. The machine has  been put to  e f f e c t  ive

use w i t h  beams of ii , I), 311e , ~hie , 12 C, HC, ~~~ 160, 180, 19[, ~
‘7Al , 28 Si ,

32~~, ~~Cl , 3
~’C1 , ~~Fu , 58 Ni , 63 Cu , 79Br , 8 t Br , 127 k , 198 Au , and 2 3 8 1J. A

univer sal ion source of the Middleton type provides these and many o the r

beams . For l i ght io ns n anosec ond  pulsed  beams are available. A broad

array of n u c l e a r  and a tomic  ins t ruments  is a v a i l a b l e , i n c l u d i n g  a

broad range m agnetic spectrometer , scattering chambers for both

sol id and gaseou s ta rg et s , e l e c t ro s t a t i c  a n a l yz e r s  for ion charge

s ta te  a n a l y s i s  and for electron spectra observation , ultraviolet

a nd x -  rae d i spc r si  on instruments and Ge (Li) and Si (Ii) detectors.

E l e c t r o n i c  e q u i p m e n t  and coum iputiflg facilities are  a v a i l a b l e  for

da t a  a c q u i s i t i o n  and an a l y s i s .  A new two stage buncher , to he used

even tua l ly  on the  2S flV acce lera tor  under  Constructiou l , is now in p lace

at the  EN ,
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The OR N I ,  g~ 5 MV Van ~le Cr a a f l ’ Aced crator — T h i s  m a c h i n e  is  f i t t e d  wi th

a hot ca thode Nie l sen  typ e ion source with provision for acceleration

of ions of a lmost  any element in the periodic table. Target facilities

arc now in place for observation of atomic x- ray  phenomena.  A t a rge t

f a c i l i t y  has been b u i l t  to explore  radiation damage effects.

Comput cr facilities of the Tandem Accelerator are accessible th rough

cable l i n k s  in  the contro l room of t h i s  nachine and a lso at the contro l

room of t h e  3 MV Van do Graaf f  accelerator .

The Oak R i d ge I sochronou s Cy c l o t r o n  (ORIC) - This accelerator is

equipped to accelerate many d i f f e r e n t  ion species and a partial list

of the ions which  have been accelerated is shown in the following Table.

A wide range of ins t rument s is available , as is the case with the

Tandem Accelerator. A broad range magnetic spectrograph is included

in the list of instruments , as well as a large number of scattering

chambers , detectors , and target systems . A wide variety of other

atomic collisions programs in addition to our own are pursued at both

the Tandem Accelerator and at ORIC. ORIC is expected to be part of

the new ilolifield Heavy Ion Laboratory being constructed at ORNL , as

described in a subsequent section of this chapter.
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ORI C EXTRAC’lE!) h EAVY ION BEAM S

Maximum External Beam
OR1C Current Source

i d e  iLirmonic 
E a b Feed

e miA
(MeV)

6L1’4 3 15 1c ~~~~~~ + ~~~~
.

1 60 8c LIF + N
1 135 40 Li F + Ne
1 12.9 650 CuIA L I F  4 Ne

7 L 1 2 4 ’  1 51 8 Lii’ + Ne

3 36 15 enA BE 3
3 81 8 1W,
1 144 >10 cu lt
1 73.6 30 HF 3

5 7.5 12 enA CO
12

C
2+ 3 30 1 enA CO

3 67 > 10 CO
1 120 >12 CO
1 187 40 enA CO

12 C 6
~ 1 270 ~l epA CO

13 C’4 1 110 15 CO2

3 26 >2~, N2
1 103 >20 N 2
1 161 2 N 2
3 36 1 enA N2
3 96 N2

16
0

1 + 5 5 1.3 02
1 4

0
2 + 

3 22.5 5 02
3 50 300 enA 02

1 6
0

L. + 3 90 >4 0216 O~~ 1 140 20 0 2
16

0
6 + 1 202 1.1 02

17
0

1 4 5 4 . 7  2 . 2  enA 0 2
3 20 10 Cn#t 02

11
0

2 + 1 125 20c 02

19 F.2 + 5 18.9 1.5 BF 3
1 170 1 BF ,

7 6 .5  19e Ne
2 0 k, 3 + 5 36.6 5 Ne
20 4 +

3 72 >1 Ne
3 112 ‘1 Ne

20 N (,6
+ 1 162 3 Ne

2 0 ,, 7 + 1 220 27 enA ‘ 
N e + Xc

2 1  . £ + 7 4.3 0./ enA Ne
22 ,,~ 2 + 3 16 800 enA Nc
22 Ne 4 + 3 65.5 600 enA Ne
2 2  ~~+Ne 3 102 300 enA Ne
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ORIC EXTRAC’I’ED h EAVY ION IIEAMS

Maximum External Beam
ORIC Current Source

Particle Harmonic Energy
n 

epA
b Feed

(H eV)

24 Mg ’4 3 93.8 47 enA MgF2 + Xe
24 M 6 + 3 135 0.3 enA MgF2 + Xc

100 cnA Al + Xe27 A 1 1’’ 12 enA Al + Xe27 A1 ‘ ‘

. 1 , 2 +Si 3 29 0.1 enAd
28Si 54 3 80.4 0.93 Si + Xe

3 115.7 10 enA Si + Xed29 .3 4Si 5 27.9 100 part/sec Ne
30 , 6 + 3 108 1 ep A SIF 4
32 S~~ 3 2 2 . 5  9 Ad32 S 64 3 101 100 enA H 2 S34 S 2

~ 5 9 .4  300 enA 112S

3 5 Cl ’4 7 23 10 enA Cl233 Cl 5’
~ 3 64 >1 enA Cl2

3 5 C1 ’4 3 126 900 enA Cl2

>6Ar ”~ 3 202 ‘m~5 x lO~ part/sec Ar
4 0 Ar 2

~ 7 9 300 enAC Ar
4oAr 2

~
F 5 20.2 3C Ar

3 36 34 Ar
3 56 1 Ar
3 81 6 Ar

r 3 11,0 1.6 Ar
40 Ar ”4 3 • 144 1.2 Ar
4 0 Ar 9

~ 3 182 15 onA Ar
4 0  1 0 +Ar 3 225 s5 x IO~ p a r t / s e c  A r

1 2 12 250 p a r t / s e c  Ar

40  , 6+Ca 3 81 300 enA Ca + Xe
4 0 • 7 +Ca 3 110 700 enA Ca + Kr
40  •Ca 3 144 12 enA Ca + Kr

l•B Ti S+ 3 46.9 1.2 Ti + Xe
3 70.4 360 enA Ti + Xe
3 91.9  100 enA Ti + Xc
3 150 0.3 enA T i +  Xe

‘2 Cr ~~ 9 6 .9  1 en.Ad

53  5+Mn 3 40.9 30 enA d xe

3 81.7 21 en.A Fe + Xe
S 4 Fc t~ 3 106.7 9 enA Fe + Xe

3 40 .2  1 . 2  Fe + Xe5 6 . 3 58 400 enA Fe + Xe
3 75 10 cnA Fe + Xe
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ORIC EXTRACTED HEAVY iON BEAM S

Maximum Ex te rna l  Beam
OR TC Cu r re n t Sou r ceP a r t i c l e  Ha rmonic Ener gy a 

epA b Feed
(MeV)

3 103 5 enA Fe + Xe
~~Fe~~ 3 130 4 enA Fe + Xe
56

Fe
10 + 3 160 0.02 enA Fe + N c

~
6
F(

l 1 + 3 194 500 part/sec F~ + Ne

3 8 Ni 5 + 3 38.8 1.5 Ni + Xe
3 55.8 3.5 Ni + Xc
3 76 3 Ni + Xe
3 99.3 30 enA Ni + Xe

7 12.9 15 enA Cu + C l 2
6 ’  6 + 3 51.4 1.2 Cu + Xe
6 3  7 +Cu 3 70 275 en!’. Cu + Xe
6 3

C
9 + 3 116 1 eul A d

6 5 Cu 6 + 3 49.8  450 enA Cu + Xe

6 4
7~~~6 + 3 50.6 1.5 Zn + Xe

64 Zn 7 + 3 68.9 100 cnA Zn + Xe
6 6~~~~ o~~ 3 49 0.1 enA d

9 10.4 10 enA Kr
83 } . 9 + 3 87.8 2 enA Kr

9 9 .6  32 enA Kr
7 17.1 1 Kr
5 26 .8  2 . 2  Kr

14 Kr 6 4 5 38.6 150 enA e Kr
a’ Kr ’~ 3 87 20 enA Kr
l6 Kr 6 + 5 37.7 <1  enA ° Kr

5 24.2 70 enA Nb + X e
l 3Nb b + 5 34.8 70 c’nA Nb + Xe

5 6 7 . 4  35 enA Nb + Xc
5 61.9 1.8 enA Nb + Xe

~~Nb~
4 5 78 .4 2 x l0~ j ) . l r t /he ( ’  Nb -I Xe

1 2 6
X0

7 + 5 34.5 1 enA Xe
7 17.4 3 emu A ° Xe

l 2 9 X 7 + 5 34.2 90 CflAe Xe
129 X0 1+ 5 41~.7 13 (‘flA Xe
12 9

Xt
9 + 5 56.5 0.4 inA ° Xe

1 2 9
X

1 2 + 3 100.5 1.3 enA Xe
1 S 0

X
7
~~ 5 33.9 4 .5 ej iA Xc

l S lXe 7 + 5 33.7 15 enA Xe
~

2 2
X

7 + 5 33.4 20 enA Xe
l 3 2

X~~~
l 2 + 3 98 0.1 enA Xe

‘“Xe’’ 5 32.9 8 enA Xe
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ORIC EXTRACTED h EAVY iON BEAMS

Maxi mum Externa l Beam
OR1C C u r r e n t  SourceP a r t i c l e  Harmonic aEnergy A

b Feed
(HeV ) ep

‘°‘ Ta6 9 17.9 1 enA Ta + Cl2
7 31.8 0.2 epA Ta + Cl 2161 Ta 9 7 40 .3  0.5 ep A Ta + Cl 2

Based on 90 q2/A

r i L a l  m ic roamp eres  e x c ( j ’ ~ as n o t e d

cEnr i c h e d  isotop ic abundance  source feed

d yr e: :~ ion source m a t e r i a l  of construction

C
1 source with dc e x t r a c t i o n



ORIC Ma lt i j i har~ed Ion Source F a c i l i t y  — ‘I’h i s f a c i l i t y  was o r i g i n a l l y

con St rue t t ’.1 as par t  of’ a program t o i uv es t  1 gat c and d eve lop a (1v :u u u c cd

j o n - s ou rce ’ sys tems for t h e  p r o d u c t i o n  of m u l t i p l y -c J i ar ~ ed i o n s  t o  be used

in  t he a cce l e ra t  or s at PEN) , The f ; u c  i l i t y i s  equi pped to  ac cel e r a t e

mult i p ly ehu r~ cd i ons  to  energ ies  of 4 t o  300 kcV , d e p e n d i n g  upon ion

chzir~ c . The bean ~s are magnet  i cal ly  a n a l y z e d  and they  are u s a b l e  fo r

x ray and o ther  at o m i c  c o l l i s i o n  e x p e r im e n t s  wh i c h  are desi gned for

obser’ ut ion of low eulc’rgv ions of m u l t  i p l e  cha rge .  C h a r a c t e r i s t i c s  of

t h e  b c n m s  now u v: u  i l a b le  f rom t h i s  fac i  I i  ty  are g iven by the  f o l l o w i n g

p er f o r m a n c e  p a ra n et  ers. Fnc r ~ i es E = (4 to  36) x q keV , where  q = ion

c h a i ~~e , at a u’ e solu t  ion Al : / L  = be t t e r  t h a n  l / 2 9 .  The beam s are

c h a r a c t e r i z e d  by an eu n i t t a n c e  area of 200 — 300 mm-mr at 30 keV , a

mini u l um quadrupol  e foca l  l e n g t h  of 3~ cun , a max i mum divergen ce (full

angle) of  83.5 mr , and a minimum spot s ize of 3.6 mm . A l l  of the beams

~t r a c t  ed from ORIC are produced by an ident  ical  source. Because of

cha rge e x c h a u i N e  lo sses , the ORIC beam i n t e n s i t i e s  are l ower l i m i t s  to  the

hi gh ly  charged ion source facility beam int e n s i t i e s .

At the  present t i m e , t h e  p r i n c i p a l  use of t h e  mul l  i p l y  charged

source i s  atomic coi l  i s ions  research. The in house port i on of such

research is devot ed exc l u s i v e l y  to atouni c co i l  i s i on s  problems re la ted

to the  production of c o n t r o l l e d  thermonuc lear  fus ion . E”.t e rnal  use of

th’. facility by university users ’ groups has occupied about SOf o of the

available time on the f a c i l i t y ,  and has involved our own tJ TK accelerator

based atomic physics  group and also the Yale  at omic physics group,

working joint ly w i t h  us on proj ects of mutual  in te res t . The N ’~~ Ofl Nv

c o l l i s i o n  exper iments , and the electron cap ture  exper iments  w i t h  8q+ , cq~~,
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N’1 , O~~ , and 
1q~ beauns on at urn C ii and var ious  p e) ’una nent gascs di scussed

in Sect ion C of our proposal of’ one yeai ago arc examples  of our use of

the f a c i l i t y .

[he t l n i v c r ~, i t y  1
~~~

t l)( ~~j~ I r a t o u ’  at Oal . R i d ge — In add i t i o n to the

above facil i ties , o c ca s i o n a l  use  is made of a m a c h i n e  owuied and operated

by a L’ O i l s O l ’ t  j u n  of l our teen ~n i vers it i cs known as tiN I SOR . The

ded ic at e .i use of t h i s  m a c h i n e  is the study of short -lived isotopes

cr ( ’a t c d  b y O R I C  o n — I  i nc  bombardm ent  of gas t a r N u t  5 l o c a t e d  in  the

L INI SO R ion source .  When U R I C  is  o the rwi se  engaged , however , a

u n i v e r a l  ion soure c’ similar to the one desc r ibed  above  can be

i n s t al l ed . We hav e  thu s fa r  used nu icroam pere  beam s of ‘
~~ 30-70 1~t ’V

Li + , Na , ~~ , and K~ beams in conjunction with the st ud ies of

core - e \ c u t e d  - ; t a t e s  in the alkalis m e n t i o n e d  e a r l i e r  i n  t h i s  and previous

proposals.

The U r o o l h av e n  HP Tandem Van de Gr a a f f  }:.j ~~ i i  itv — The a v a i l a b l e

equ i~uie]1t at this facilit y is hi ghly similar to that alread y described

under  the heading OENI.  Tandem Va ui  de Graaff Faci l it y , including the

ava i lab 11 i t v  of a nearly identic al list of metal ion beams produced

by a u n i s  source of the same type as exis ts at ORN L . The p r i n c i p~11

advantage  of t h i s  f a c i l i t y  is the a v a i l a b i l i t y  of t e r m i n a l  v o l t a g e s  in

the 10-12 MV range , extending the energy range (a n d t h e r e b y  charge

s ta t e r ange )  of the v a r i o u s  beams to � 100 Mc\’. A drawback is the lack

of a v a i l a b i l i t y  of mach ine  t i me  in am ounts useful for long runs with

hi ghly dispersive spectroScOp ic instruments. Hence , short term experi-

ments  with hi gh d a t  a acqui sit ion rates r e q u ir ~ ng t he  h ighes t ion energies

of i n t t r e ;t to us are carried out at the HP f a c i l i t y , whereas longer  runs

i n v o l v i n g  h i g h  d i spe r s ion  e x p e r i m e n t s  on lower  energy beams are carried

out at the ORNL Ta ~m . An example of recent work with the higher energy
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Two gt a ~’c Pear ’s

Ion Ion Ne t ’ a t  ive Anal v ;~c d  C h a r c c  Ion
Fn~~r 7v I—injected Beam Current S t a t e  Source
(‘~~V) (pA) (mA)

111 20 5.000 3000.0 1 II

27 2.300 600.0 1

34 1.000 60.0 2 C

32 0.230 110.0 2 C

~Li 42 0.600 600.0 3 U

36 0.570 450.0 3 C

7Li 56 ‘1.120 165.0 3 U

36 1.100 1000.0 3 C

9 Be 70 0.050 18.0 5 U

39 0 .600 80.0 4 U

70 0. 050 4 . 5  5 U

40 0 .600 ~5.0 4 U

35 2.000 30. 0 4 U

50 0.900 500.0 4 U

2~ 2.000 1300.0 4 U

81 1. 3 0 0  2Y).O 6 U

50 0.700 200.0 5 U

63 2.000 500.0 6 U

42 0.120 100.0 5 U

63 2.100 400.0 5 11

85 1.800 10.0 7 H

55 0.900 400.0 5 H

70 2.000 250.0 6 H
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Two S t a~~’ P a r ~r

Ion Ion Negative Analyzed Charge ran
Energy I—injected Beam Current State Source

(Me\’ ) (p A) (nA)

160 52 2.100 2200.0 5 H

110 2.500 500.0 7—8 U

13o 65 0.500 800.0 6 U

110 2.000 175.0 8 U

65 1.300 500.0 6 U

24~ 30 0.300 25.0 5 U

27A1 25 0.300 100.0 3 U

50 0.600 90.0 5 U

87 1.000 1800.0 8 U

121 0.300 20.0 10 U

130 1.500 80.0 9—12 U

90 0.600 400.0 8 U

32S 110 1.000 800.0 9 U

160 2.200 250.0 13 U

200 0.300 2.S 12—14 U

79 2.700 580.0 8 U

160 2.300 35.0 11 U

40Ca 130 0.020 5.0 10 U

118 0.250 8.0 10 U

45 Sc 98 0.030 3 .0  8 U

79 0.200 60.0 6 U

92 0.060 5.0 8 U

56Fe 30 0.400 150.0 4 U

98 0.480 70.0 9 U

110 1.800 60.0 6—12 U

130 0.070 30.0 10 U
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Two Stage Beax~is

Ion Ion Hegative Analyzed Charge ion
Energy I—injected Beam Current State Source

(MeV) (pA) (nA)

58Nj 97 0.690 90.0 10 U

197 0.500 10.0 10—16 U

63C 80 0.400 700.0 6 U

120 0.800 150.0 10 U

103 0.200 15.0 9 U

74Ge 42 2.000 500.0 5 Ti

180 0.250 13.0 10—16 U

79 Br 151 0.700 30.0 14 U

125 0.200 10.0 10 U

81Br 132 1.700 7.0 13 U

125 0.200 10.0 10 U

88Sr 114 0.020 3.0 10 U

84 0.650 200.0 8 U

~
3Nb 42 0.200 180.0 6 U

98M 134 1.000 15.0 10 U

123 0.600 60 .0 10 U

127i 100 1.500 300.0 10 U

90 2.500 300.0 9 U

~
‘32 Xe 89 0.020 1.0 9 U

93 0.010 0.5 9 U

184W 0.600

156 2.000 15.0 12 U

99 1.300 40.0 10 U

208Pb 110 0.550 12.0 10 U

113 0.020 0.8 1], . U

130 0.026 0.33 12 U
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Three Stage Beams

ton Ion Negative Analyzed Charge Ion
Energy I—injected Beam Current State Source

(M eV) (pA) (nA)

‘H 31 3.000 1500.0 1 U

33 0.600 500.0 1 U

7Li 60 0.270 360.0 3 U

9Be 59 0.200 3.0 4 U

12~ 103 0.300 120.0 6 U

90 0.550 600.0 6 U

13C 72 0.010 5.0 6 U

16o 125 2.000 1000.0 7—8 U

100 1.500 250.0 8 U

120 0.500 200.0 7—8 U

102 2.000 150.0 7 U

63 0.650 450.0 6 U

151. 1.300 900.0 9—12 U

200 2.200 8.0 11—15 U

35ci 200 1.900 250.0 10—14 U

120 0.700 400.0 10 U

200 2.200 150.0 10—14 U

56Fe 260 0.350 4.0 13—19 U

58N1 230 0.230 15.0 11—13 U

65Cu 268 0.060 6.0 13—20 U

79Br 226 0.120 12.0 13—18 U

127i 290 0.300 30.0 14—24 U

318 0.230 1.2 14—27 U
U — ?U,ddleton type sputter ion source.

H — Direct extraction duoplasmatron .

G — Lithium vapor exchange source.
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beams i s  the experiment on intensity beats  in the resonance t r ans i t i on

in sodiuml ike copper discussed in Section C of this proposal. A list of

available beams , in tens i t ies, charge s tates , and energies is provided

in the accompanying t ab le .

The U n i l a c  Heavy Ion Accelerator Fac i l i t y  at Darmstadt,  West Germany -

As discussed in Sections C and D, co l laborati ve work with personnel of

the T F K  of the University of Frankfurt and personnel of the Unilac

accelerator facility began wi th  experiments at the ORNL Tandem Vait de Graaff

a year ago, continued at the Unilac facility during April - September , 1977 ,

and wil l  continue in the forthcoming year. The Uni lac  accelerator is an

rf l i n a c  device and has a near ly  f la t  energy per nuc l eon beam characteristic ,

permi t t ing  use of beam s ‘~~ 8 Hey/nuc l eon energy over the entire periodic

table .  Pa r a l l e l  use o f a  l .~~MeV/nu cleon beam , which is exclusively of

interest  for atomic phys i cs , can occur s imul taneous ly  w i t h  the use of the

f u l l  energy beam for nuclear  exper iments .  For example , 1. 4 MeV /n u c lc on

beams of Ar 12~~, Kr 26~~, and Xe 3
~~ ions are now available at target intensities

‘
~~ 400 n\ , 80 ui •\, and 20 nA . In the next year we p l an to use these beams to

continue the charge state dependence, l i f e t i m e , and Auger l ine  shape

experimen ts discussed in Section 0. This collaboration is expected to

cont inue  w i t h  eventual  use of the }l o l i f i e l d  Heavy Ion Accelerator f a c i l i t y ,

present ly  being construct ed at ORNL and schedu l ed for beam de l ivery  in

earl y 1979 , for f u r t he r  atomic s t ruc tu re  and co l l i s ions  exper iments .

H o l i f i e l d  Heavy Ion Accelerator Laboratory - This  new f a c i l i t y  j u s t

referred to  in the  previous subsect i on invo lves  const ruct ion of the  25 MV

tandem accelerator—-the nat ion ’s l a r g e s t — — s k e t c h e d  in Fi g. 11 , wh ich w i l l

then in jec t  in to  U RIC for h i g her  energy (‘1’c z’atiofl . A usefu l diagram of
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attainal)le and proposed energies and beam intensities in the Ilolifield ,

JI 1LAC , and Bevalac accelerators (the latter two are at Berkeley) is

shown in Fig. 15. As can be seen ORNL will have the prime national

facilities for beams of useful (‘~ microampere) intensities throughout

the energy range appropriate to the study of atomic (as d i s t inc t  from

nuclear) collision phenomena. h ence , from a facilities standpoint , the

future of our particular program of atomi c co ll isions research is an

espec ia l ly  bright one .
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LIST OF PERSONNEL WHO h A V E COLLABORATED IN ONR SUPPORT ED RESEA RCH

A. Personnel who have r egu la r ly  part icipated in ONR spons ored research

Ti t le

S. B. Elston Postdoctoral Research Associate

J. P. Forester Graduate Research Assistant

P . N .  Gr iff i n Phy sic ist , Oak Ridge National Laboratory

K. 0. Groeneveld Visiting Professor

H . H . I laselton Postdoctoral Research Associate

H. Hayden Visiting As soc iate Profe ssor

R. Laubert Visiting Profe ssor

K. H. Liao Postdoctoral Research Assoc iate

J. R . Môwat Visiting Assistant Professor

D. J . Pegg Associate Professor and Co-principal Investigator

R.  S. Peterson Graduate Research Assistant

I .  A. Se l l in  P r inc ipa l  Invest i gator

S. Schumann Postdoctoral Research Associate

R . S. Thoe Assistant Professor

C . IL Vane Graduat e Research A s s i s t a n t

J. Wright Visiting Associate Professor

B. Other Occasional Collaborators who have participated in ONR Supported

Work

Name T i t l e

B. IL App le ton  Physicis t , Oak R i d g e  Nat i onal Laboratory

S . R as hk in  Professor , U n i v e r s i t y  of A r i z o n a

James Bayf I old Profes’-or ( m i  V~ r~ it )’ of Pi t I stni rgh
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N . D. Brown Physicist , Naval Surface Weapons Center

3. Cocci Physic is t , Princeton Plasma Physics Laboratory

D. Grandall  Physicist , Oak Rid ge National Laboratory

S. Datz Associate Director , Chemistry Division ,

Oak Rid ge National Laboratory

D. Dietrich Postdoctoral Research Associate , Univ . of Arizona

B. L. Donnally Chairman , Phys ics Depar tm ent, Lake Forest College

H. J. Frischkorn Graduate Research Assistant , Un iv. of Frankfurt/N

L. Gardiner Pos tdoc to ra l  Research  Associa t e , U n i v .  of P i t t s b u r~~:

II. Gould Physicist , Lawr ence Berkeley Laboratory

B. Johnson Physicist , Oak Ridge National Laboratory

K. Jones Physicist , Brookhaven Nat ional  Laboratory

R.  Kauffman Postdoctoral Research Associate , Kansas St. Univ .

Ii. Kim Physicist , Oak R idge National Labora tory

T. Kruse Professor , Rutgers Univ ers ity

P. Koch Assistant  Professor , Yale Unive r s i ty

3. Leavi tt Prof essor , Universi ty of Ariz ona

R.  Mann Postdoctoral Research Associat e , Univ .  of Frankfur t ,

J. R. Macdonald Professor, Kansas State University

R.  Marru s Professor , Univers i ty  of Ca l i fo rn ia at Berkeley

D. Pisan o Physicist , Brookhaven National Laboratory

P. Richard Professor , Kansas State Univers i ty-

D. Rosich Graduate Research Ass i s tan t , U n i v .  of Frankfurt/N

R.  L. Smick Postdoctoral Research Associate , Univ. of Tennessee

W. W. Smith  Professor , Unive r s i ty  of Connccticut

R.  R.  Tur t l e  Postdoctora l Researc h A s s o c i at e , Un iv .  of Tennessee
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ViTA

Ivan A. Scu m

Present Pos i t ion  - Professor  of P h y s i c s , U n i v e r s i t y  of Tennessee and Principal
I n v e s t  i ga tor , U I / U R N ! ,  Accelerator  Ato ill i c Ph ysiCs Croup , Oak Ri LIgL
Na t iona l  Laboratory , 1974 to present .

Prev i ou s P o s i t i o n s  - Associate Professor of Physics , University of Tennessee and
P r i n c  i p

~ 
I Invest ] ga t  ur  U T / ORN L Accelerator Atomic Physics Cr

Oak Rid ge N a t i o n a l  Laboratory, 1970-1974 .

Research Physicist , Oak Ridge National Laboratory ,
1967- 1970.

Assis tant  Professor  of Physics , New York Univers i ty ,
1965-1967.

Instructor , University of Chicago , 1964-1965.

Lecturer and Physicist , University of Chicago , 1961-1964,
in the College and Laboratories for Applied Science.

Education - Undergraduate - Harvard College (Physics)
Graduate - University of Chicago (Physics)

S.M .  - 1960 ; P h . D .  - 1964
Postdoctoral  - U n i v e r s i t y  of Chicago (Enrico Fermi I n s t i t u t e )

Memberships - F e l l o w , American Phys ica l  Socie ty ,  1973 -

National Academy of Sciences , ~ational Research Council Advisory
Committee on Atomic and Molecu la r  Science , 1973-1976 .

Chairman , P ub l i c a t i~~ s Commit tee , 19 74-76 , Member , Program Committee ,
1976—78 , Am. Phys i ca l  Soc ie ty  - D iv .  of E lec t ron  and A t o m i c  P h y s i c s .

Cha irman , Fourth International Conference on Beam-Foi l  Spectroscopy
and Heavy Ion Atomic Physics Symposium , 1975.

Organiz ing and Advisory Committees , Th ird and Four th Conferences
on the Use of Small  Accelerators , 1974-77.

Charter  Committee , h i o l i f i e l d  h eavy I on Laborat ory Users ’ Group , I97~ .

Awards - O r g a n i z a t i o n  o American States Guest Professor , Centro Atomico ,
Bari loche , Ar gent ina , 1972.

Ch anc e l l or ’s Research Scholar ’s Pri:e , University of Tennessee ,

J U U C , 1976.
A l e x n n d e r  von I l i m b o l d t  F o u n d a t i o n  Sem i or U .  S. Scientist Award , 1977.
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Award s  — Senior F u l br i ght~ I I a v s  G r a n t , lIIi1 )right—ikl yS program w i t h  Germany , 1977—78 .

— Sw c-dt sh  N ; i t i o n a  I Sd d i c e  R e s e a r ch  Co ime l  I and No be l  lus t ~t tu t  , C;us lp rofcsso ;

I - o r sh ~u i i ngs i  ru s t i to t et b r  At omf y s  1k , St ock h o l m , Sweedel l  , 1977— 197~

Other Profess iona l  Credi t s  -

Editor and c o- a u t h o r  of the following volumes :
Beam Foi l  Speetroscopy : V o l .  1 , Atomic Structure and L i f e t i m e s ,
V o l .  2 1 i s i o n a l  a iwi R a d i a t i  ye Processes , w i t h  I ) .  I . Pegg, Plenum Press ,
New York (1976).
Structure  and C ou l i s i o n s  of Ions and Atom s to be publ i sh ed  by Sp r i n g e r - V e r l a ”
h e i d e l b erg , in 1978.

ChairCian , American Physical Physical Society , Div . of Electron and Atomic Physic

A n n u a l  M e e t i ng ,  K n o x v i l l e , 1)ecembcr , 1977.
Chairman and o rgan ize r  of Symposia at the fo l lowing  American Physical  Society

meet i iigs
‘S ymposium on Heavy Ion Atomic P h y s i c s , ” Win s ton- Sale :~ , November , 1973.
“Symposium on The Use of High Energy Accelerators in Atomic Physics , “

Chicago , December , 1971 .
“Sympos ium on Inner She l l  Processes in h eavy Ion Atomic  C o l l i s i o n s ,”
h\ashington , April , 1975.
“Sympos ium on New Directions in Atomic Physics ,” Knoxville , June , 1975.
‘ ‘Synpos~ ow on Heavy I on Atomic Physics , “ Cat I inburg , Sept ember , 19 75
‘ A t o m i c  Phys ics and R e l a t e d  Phenomena,”  Fourth Conference on A p p l i c a t i o n s
of Sm a l l  Acce le ra to r s , Denton , October , 1976.

Chairman of other sessions at the following meetings :
American Physica l Society , Washington , April , 1974.
i o u r t h  I n t e r n a t i o n a l  C on f .  on Atomic Physics , h eidelberg , July, 1974.
A m e r i can P h y s i c a l  S o c i e t y ,  W a s h i n g t o n , Apr i l , 19 76.
F i f t h  I n t e rm i t  i o n a l  Con f .  on Atomic  Ph v s I cs , Berkeley , July, 1976.
American Physical Society, Knoxville , December , 1977.

Grants  and Cont rac ts  -
Princi pal Investi gator , Office of Naval Research Contracts , 1972-present.
Project Title: Structure of Highly Ionized Heavy Ions and Associated
Colli sion Phenomena in the MeV/Nuclcon Range.

Princi pal In v e s t i g a t o r , N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n
Grant  1972-3. h’roject T i t l e :  Ion Beam Expe r imen t s  Re la t ed  to Temperatur e
and D e n s i t i e s  in the Solar Corona .

P r i n c i p a l  I n v e s t i g a t o r  (with U . J. Pegg) , National Science Foundation
1973— ire~

;ent . Proj c’ :t T i t l e :  At owl  c St ruct tire and (
~ ‘l 1 isb n !-.~por imentsCon cern ing  Core- Exc i ted  Ato m s and ~iu 1 t i p l y Charged heav y ions .

Principal Inves t  i gat  or , N at i o n a l  Aeronaut  i cs and Space A hii in i strati on
Grant 1973 — pr ese nt  . Project Title: Line Ident i f i c i u t  ion and Li lot inc
M e a su r e m e n t  in tim- XUV and Soft X—Ray Regions .

P r i n c i p a l  J n v e - -t  i g.it or , N a t i o n a l  Sci CIICC Fouindati Ofl , O f f i c e  of Naval
Research , and I u t  r~ i-nat I ona 1 U n i o n  of I’uu-c and AppI I ed I’hys ic R IaIi t 5 to the
Fourth lute m a  I I on;i I Conference on Atom i c Phys  i cs an d  h eavy Ion A t o m i c
Physics  Sympos i um , 1975.
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Current Research -

The IIT/ORN E heavy ion atomic physics research group is actL in research on
the a tomic  structure of c u l l  ision and phenomena concerning hi g h l v  i o n i z e d  heavy
ions.  The research  is present ly be ing  carried out at the 0a1. Ridge Nationa l
Laboratory , the Brookhaven N a t i o n a l  Laboratory , the Gese l l  sc~l ia f t  fu r  Schwerionc ’ :
Porschung , and occasional other sites. This group presen t ly  consists  of th ree
Universit y of Tennessee faculty members , two postdoctoral research a s s o c ia t e s ,
two graduate  s tuden t s , and a number of occasional co] laI)orators from other
i n s t i t u t i o n s  whose p a r tlc i p at i o n  is  f requent . The p r i m a r y  ob j ec t i ve  of our
research remains  the study of atomic s t ruc tu re  of hi ghly  ionized heavy ions
and their modes of formation and destruction in collisions with target atoms
and molecules . h)ecay of excited states of these ions by radiative and also by
clec t ron  emission processes is the phenomen on we u t i l i z e  in carrying out these
e x p e r i m e n t s .  Our principal tools are suitable heavy ion accelerators ; x-ray ,
soft x-ray , and extreme u l t r a v i o l e t  spect rometers ;  e lec t ron  spectrometers ; and
a var iety of periphera l equ i pment associated with these devices .

Publications - Books

“Hi ghly Ion i zed Ions ,” in Advances in Atomic and M o l e c u l a r  Physics ,

D. R . Bates and B. Bejerson , eds., ACadeinic Press , New York (1976), Vol. 12 , p. 215 .

“Measurement of Auger Lifetimes and Energy Levels by Projectile Electron

Spectroscopy,” in  Topics in Current Physics , V o l . 1: ~~~~~~~~~~~~~~~~~~~~~~~~~
S. Bashk in , ed., S~ iu~~~~~Verlag , Heidelbe rg  ( 1 9 7 6 ) ,  Chap .  10 , p . 265.

Beam Foil S~~~ joscop~ : Vol. 1 , Atom ic St ruc ture  and L i fe t ime s , Vol 2 ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I A Scu m m d  D J Pegg,  eds

P l e n u m  h ’ i-e~~s , New York ( 1 fl7 6) .

S t ruc tu re  and Col l i s ions  of I o n s  and Atoms , I .  A . Sc u m , ed . ,  Springer-Verlag ,
hleidcl ) crg (l978TTop. cit., “Ext ensFon~~~ l Beam Foil Spec troscopy”, Chap. 6.

A r t i c l e s  in Maj or_Journals  and Proceedinp,~~~

“Production and E x t i n c t i o n  of the 2S State  of the Hydorgen Atom ,” Phys. Rev .
136 , A1245 (1964).

“Lamb Shif t  in Li 6
~~~,” with  C. Fan and M . Munoz , Phys.  Rev. Lett . 15 , 15 (1965) .

“B inding E f f ec t s  in E x c i t a t i o n  by h eavy Charged Pa r t i c l e s,”  with W. Brandt
and R. Laubert , Phys . Let t .  21 , 518 (1966) .

“Characteristic X-Ray Production in Mg, Al , and Cu by Low-Energy Hydrogen and
Hel ium Ions ,” with W. Brandt and R. Laubert , Phys . Rev. 151 , 56 (1966).

“Energy Dependence of H (2 s)  Product ion in Pro ton-Alka l i  Co l l i s i ons  From 2 to
30 KeV ,” wi th  L. Granof f , Phys. Let t .  25A , 484 (1967) .

“I .amb Sh i ft  in the L1~~ Ion , ” wi th  C. Fan and M . Munoz , Phys.  Rev . 161 , 6 (1967).

“Progress in Producing  M e t a s t a h i e  St a t es  of O n e -E l e c t r o n  Heavy Ions , ” wi th
B. Donnally, in Beam-Fo ij~~ pcci rn scopy , S. B ashkin , ed . ,  Cordon and Breach ,
Science Puh lishcrs , New York (1968) , p. 451.
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“Experimental Transition Probabilities for Triplet-Singlet Transitions in
hid ium— like hheavy Ions ,” w i t h  B .  I ) onna l ly  and C. Fan , Phy s . Rev . Le tt . 21 ,
717 (1968).

“ P e r i o d i c  I n t e n s i t y  F l u c t u a t i o n s  i n  Beam-Foil Excited Hydrogen ,” with C. U.
M~~h , P. H. Cr1 ffiii , and J .  A. Bi g g er st a f f , in Ph ys ics  of the One-__and Two-
El oct ron At o~ s , F . Bo p p and Ft. K] cinpoppen , eds. , North-IIol land Publishing
Coin 1~~u iy  , ~~sterdam (1969), p. 387.

“Periodic I n t e n s i t y  Fluctuations of Balmcr Lines from S i n g l e - F o i l  E x c i t e d  Fast
Hydrogen Atoms ,” with C. U. Moak , P. H. Griffin , and J. A. Bi ggerstaff , Phy s.
R e v . 1 ,~ l , 56 (1969)

“Sta rk-Per tu rbed  Lyman Al pha Decay in Flight ,” with C. U. Moak , P. H. Griffin
and J . A. Bi gg er s t a f f , Phy s. Rev.  188 , 217 (1969) .

“In tensity Fluct uations of Li ght from Fast H Atoms : Addenda on Initial State
Poj s ’ l a t i on s  and Cascades ,” with 3. A. B i g g e r s t a f f  and P.  M . G r i f f i n , Pbiys . Rev .
Al , 1553 (1970).

“R e l a t i . ’e Orb i ta l  and Magnet ic  Substate Amp l i t u d e s  in Sin gle-Foil Excitation
of Fast Hy drogen Atoms , ” w i t h  J. A. B i g g e r s t a f f  and P. N . G r i f f i n , P hy s .  Rev .
A2 , 423 (1970).

“ S t a t i c  E l e ct r o u -u gn e t i c  F i e l d s  as Probes of I o n i c  P i n e  S t ruc tu re ,” N oe l . l n s t r .
and Me th .  90, 329 (1970).

“At oi i i i  c P h y s i c s  of Fast  Ion Beams : F i n e  S t r u c t u re  Ex p e r i m e n t s  , “ in Pr occec l i ngs
of the Second Oak R i d ge Confe r ence  on App l i c a t i o n s  of S m a l l  A c c e l e r a t o r s ,
J . 1) i iy ~~an , ed . , USAEC C0SF— 700322 , 289 (1970)

“Mean L i f e  of the 2 3 P 1 State of the Two-Electron Oxygen Ion ,” with B. hionnally,
ari d W . I- ’ . Smi th , Phys . Rev.  Al , 1189 ( 1970) .

“Curr ent  on Relative Magnetic Substate Amplitudes in Single~Foil Excitation
of Fast h! y~Iro 2 cn Atoms ,” Phys . Rev. A3, 1512 (1971).

“Lifetimes of t h e  Met astable Autoion i zing (ls2s2p)~ P512 States of L i t h i u m - l i k e
F 1 + and O~~ Ions , ’’ wi th  B. D o u i n a l l y  W . W. Smi th , 1). 3. Pegg ,  and H . D. Brown ,
Ph ys. Rev. A4, 122 (1971).

“ C o l l i s i o n a l  E x c i t a t i o n  of Metastah ie Aii toionizing States of Lithium-like Ions
in Fast  Beams : S~~’c t r : i  and Y i e l d s ,” wi th W . I . Smith , N. D . Brown , I) . J. Pcgg ,
and B. D o n n a l l y ,  in P roceed ings  of the Seventh  In t e r n a t i o n a l  Conference  on the
Phys ics  of E l ri - i  run i c and Al  cmi c C oI l  is i ons, Nor th  h i o l  land Publishing Co.
Ar~~t erdam , p. 513 ( 1971) .

ra of f l i t  i oni zat ion El ccl rons Emit ted by East , Met a r t  able  Beams of h h i  gh l y
S t r i pped Oxygen and F l u o r i n e  Ions , ’’ ith W . t~. Smith , U . J. [‘egg , H. I) . Brown ,
and B. Donnally, Ph is . Rev. L c t t .  27 , 1108 (1971) .

“Time Pi p -n I e n t  Theory of S t a r k  Quen ch 1mg of M~-tast ab 1e Hydrogen and He) ium
Atoms ,’’ wi th h ho I (‘n K. I ho] t , Phys . Rev. AG , 508 (1 / 2)
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“Autoionization of Atoms Produced in hleavy Ion C o l l i s i d n s ,” in Proceedings  of the
ORNL Heavy-Ion Summer Study, Oak R idge , Tennessee , AEC CONF-720669, 551 (1972).

“Metastable Autoionizing States of Ihighly Excited Heavy Ions ,” with 1). J. [‘egg,
P. 14. Griffin , and W. W. Smith , Phys. Rev . Lett. 28, 1229 (1972).

“M etas table  Auto ion iz ing  States  in Sod ium- l ike  Chlor ine , ” with U. J. Pegg,
P.  14. G r i f f i n , and ‘iV . ‘W . Smith , Phys . Rev. Le t t .  28 , 1615 (1972) .

“E quilibrium Fractions for the lowest M et a s t a b l e  Quar te t  States  of L i t h i u m -
like Oxygen and Fluorine Ions Traversing Carbon Foils ,” with B. Donnally,
W . W . Smith , U .  J.  Pegg , and N.  D . Brown , Phys.  R ev. A7 , 487 (1973).

“Metastable States of Highly Excited hieavy Ions ,” with D. J. [‘egg, P. H. Gr i f f i n ,
W. W. Smith , and B. Donnally, in Atomic Physics 3, Pl enum Pr ess , London , p.  327
(1973).

“Projectile Structure Effects on Neon K X-Ray Production by Fast , h i g h l y  I on iz ed
Argon Beams ,” with 3. R. Mowat , P. N. Griffin , D. J. Pegg, and R. S. Peterson ,
Phys . Rev . Lett. 29, 1577 (1972) .

“Exponential Projectile Charge Dependence of Ar K and Ne K X-Ray Production
by Fast , Hig hly Ionized Argon Beams in Thin Neon Targets ,” Proceedings of the
Ei ghth I n t e r n a t i o n a l  Confe rence  on the Ph ys i c s  of Electronic and Atomic Collisions
B. Cobic and M. Kurepa , eds. , Graficko Preduzece Buducnost , Zrcnjanin , Yugoslavia
( Ju ly,  1973) , p. 727.

“Heavy Ions - Looking Ahea~-’ ,” wi th  J. H. h amilton , Physics Today 26, No . 4 ,
42 (1973).

“Mean Life of the Metastable 2 3 P 1 S ta te  of the Two-Electron F luor ine  Ion , ” w i t h
J. R. Mowat , R.  S. Peterson , U . J. Pegg, N. D. Brown , and J. R . MacDonald ,
Phys.  Rev. A8 , 145 (1973) .

“Electron Spectroscopy of Foil-Excited Chlorine Beams ,” with D. J. Pegg , P. 14.
Gri f f i n, and W . ~~~ . Smith , Nuci . l ns t r .  and Meth.  110 , 489 (1973).

“Metastable Autoionizing States ,” Nucl. Instr. and Meth . 110 , 477 ( 1973) .

“Exponen t i a l  P r o j e c t i l e  Charge Dependence of Ar K and N e K X-Ray Product ion by
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“Lifetimes and Binding Energ ies of the Metastable Au toionizing (ls2s 2p)~ P512
State in A1 10

~ and 
Si 11 ’ ,” with R. S. Thoc, II. h i . hl asel ton , P. M. Griffin ,

3. R. Mowat, R. S. Peterson, and U. J. Pegg, Bull. Am. Phys . Soc. 19, 1176 (1974 ).

“Characterization of Charge States of Energetic Ions in Solids from Associated
K X-Ray Production ,” with S. Datz, B. R. Appleton , J. R. Mowat, R. Laubcrt,
R. S. Peterson , and R. S. Thoe, Bull. Am . Phys. Soc. 19, 1184 (1974) .

“Electron Spt’ctroscopy of Autoionizing States in Li i and Na T ,” with U. J. [‘egg,
I!. II. hlaselton , N . U. Brown , R. S. Thoe, P. N. Griffin, and W. W . Smith , Bull.
Am. Phys . Soc. 19, 1184 (1974).

“Energy Dependence of the Directional Anisotropy Exhibited by Quasiinolecu lar
K X-Radiation ,” with R. S. Thoe, N. U. Brown , J. P. Forester, P. N . Gr i f f in ,
U. 3. [‘egg, and R. S. Peterson, Bull. Am. Phys. Soc. 20, 75 (1975).

“Charge State Dependence of X-Ray Production of Collisions of Ni (‘k. 1 MeV/amu)
with Sill,,,” with S. Datz, N. D. Brown , P. N. Griffin , R. S. Peterson , and
R. S. Thoe, Bull. Am. Phys. Soc. 20, 639 (1975).

“Electron Spectra from the Autoionizing Decay of Collisionally Excited Ng’
~ and

K~ Beams,” with D. J. [‘egg, H. H. Ilaselton , N. D. Brown, R. S. Thoe, and
P. N. Griffin, Bull. Am . Phys. Soc. 20, 674 (1975).

“Non-Characteristic Spectra from Symmetric and Asymmetric Collision Systems ,”
with R. S. Thoe, U. J. Pegg, J. P. Forester, K. -ll . Liao, R. S. Peterson, and
P. N. Griffin , Bull. Am. Phys. Soc. 20, 675 (1975). -

“Electron Spectra from Autoionizing States of H ighly Stripped Oxygen and Fluor ir.-
with R. S. Peterson, J. P. Forester , P. N. Griffin , H. H. Haselton , K. -H. Liao,
3. R. Mowat, D. J. [‘egg, and R. S. Thoe, Bull. Am. Phys. Soc. 20, 679 (1975).

“Autoionizing States in Lighiumlike Si and Sodiumlike Cl ,” with 3. P. Forester ,
P. N. Griff in , H. H. 1-laselton , K. -hI . Liao , J. R. Nowat, D. J. Pegg, R. S.
Peterson , and R. S. moe, Bull. Am. Phys. Soc. 20, 679 (1975).

“Beam-Foil Spectra of Iron, Copper , and Si licon , w ith S. Bashk in , J. A. Leav itt ,
K. W. Jones, D. Pisano , 1. Kruse , P. Gr i f f in , and D. Pegg , Bull. Am. Phys.
Soc. 20, 1452 (1975).

‘Comparison of Production of Non-Characteristic X-Ray Radiation in
Sol id (Al) and Gaseous (Sill,,) Targets ,” with II. Peterson , R. Laubert ,
P. S. Thoc, II. h ayden , S. Elston , 3. Forester . K- i-I . Liao , P. M. Griff i n ,
and D. J. Pegg, Bull. Am. Phys. Soc. 20, 1450 (1975).

“Characteristic K X-Ray Production from High Energy Al -Al Collision s,”
wi th R. S. Thoc, 3. P. Forester, K. S. Peterson , D. 3. [‘egg, P. M.
G r i f f i n , and K-H. Liao, Bull. Am. Phys. Soc. 21 , 640 (1976).

“Beam-foi l Radiative Lifetime Measurements in S1IX-SiXII ,” wi th D. J.
Pisano and K. W. Jones of Brookhaven National Lab , P. M. Griffin and U. J.
Pegg of O.R.N.L. , T. Kruse of Rutgers , and S. Bashkin of the University
of Arizona , Bull. Am. Phys. Soc. 21 , 689 (1976).

- ---- 
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“Lifetimes and Spec tra of h ighly Ion i zed Su l fu r,” with S. B. Elston , I). J .
[‘egg, P. N . Gri f f i n , J. P. Forester, H. C. h ayden , R. S. Peterson , and
K. S. Thoe, Bull. Am. Phiys . Soc. 21 , 626 (1976).

“Radiative Electron Capture Cross Sections for High Energy Al -Al and
Al-C Coll isions ,” with R. S. Thoe, 3. P. Forester , [). J. Pcgg , R. S. Peterson
and K-l i. Liao , Bull. Am. Phys. Soc. 21 , 650 (1976).

“Single and Double Electron Transfer in ~~~~~ (q = 2 ,3,4) Collisions with
He , Ar , and 112,” with J. Ii . Bayfield , ~~. ri. Koch , L. D. Gardner , U. 3. Pegg ,
R. S. Peterson , 1). 11 . Crand all , and h i . L. P~al lo ry , Bull .  Am. Phy s . Soc . 2 1,
549 (1976).

“An Experimental Survey of Electron Transfer in keV Collisions of Multiply
Charged Ions with Atomic Hydrogen ,” wi th J. E. Bay field , P. N. Koch , L. D.
Gardner , U. J. Pegg , R. S. Peterson , and U. H. Crandall , presen ted at the
Fif th In tern ational Conference on Atomic Phys ics , Berkeley , C a l i f . ,  July , 1976.

“Lifetimes and Transition Rates for Allowed ‘In-Shell’ Transitions in Highly
Stripped Sulfur ,” with D. J. Pegg , S. B. Elston , J. P. Forester, P. N . Gr iff in,
H. C. Hayden , R. S. Peterson, and R. S. Thoe, presented at the Fifth
In terna tional Conference on Atomic Physics , Berkeley , C a l i f . ,  Ju ly ,  1976.

“Radiative Lifet imes and Oscillator Strengt h for the n=2 States of Be-like
Sulf ur ,’ with 3. P. Forester , D. J. Pegg, S. B. El ston , P. N. Gr i ff in ,
K. -0. Groeneveld , R . S. Peterson , R. S. Thoe, and C. R . Vane , Bull Am. Phys.
Soc. 23 , 1253 (1976).

“A Beam-Foil Study of the 2s2S-2p2P° Doublet in Li-like Sulfur ,” with C. R.
Vane, U. 3. Pegg, S. B. Elston , J. P. Forester , P. N. Griffin , K.-O. Groeveneld ,
R. S. Peterson , and R.  S. Thoe, Bull Am . Phys. Soc. 21 . 1252 (l 977)~

“Mass Dependence of Ne K X-Ray Yields from Ne’-Ne Coll isions at keV Energies ,”
with R. S. Peterson , S. B. Fiston , R . Laubert , F. K. Chen , and C. A.  Peterson ,
Bull .  Am. Phys. Soc. 21 , 1248 (1976).

“Measurement of the H~+h l Charge Exchange Cross Section , 0.8-2.5 NeV ,”
with L. U. Gardner , P. N. Koch , 3. E. Bayfield , II .  h ayden , IL Thoe ,
3. Fores ter , and U. 3. Pegg , in Bull. Am. Phys. Soc. 21 , 1265 (1977).

“Der 2s 2 S-2p 2 P° Doublettüb ergang in L i - ähn l i chem Schwefel , ” with C. R.  Vane ,
U. 3. [‘egg, S. B. Liston , J .  P. Forester , P. N .  G r i f f i n , K. -0. Groeneveld , and
K . S. Thoe , V erhandl .,  Deutsche Phvsikalischc ç1esellschaft 2~’l977 , 50Q (1977).

“Lebensdauern und Oszillatdrenstlirken von n=2 Zuständen in Be-ähnlichem S,”
with J. P. Forester, U. 3. [‘egg, S. B. Elston , P. M. Griffin , K. -0. Groeneveld ,
R. S. Peterson , R. S. Thoe , and C. P. Vane , Verhandl. , Deutsche Physikalische
Gesellschaft 2/1977, 500 (1977).
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p “An A p p l i c a t i o n  of the Beam F o i l  Method to T rans i t i ons  of Astrop hys ica l  In teres t , ”
w i t h  I) . .1 . Pcg~ , J.  P. Forester , P . N. G r i f f i n , C. R .  Vane , S. B. F l s ton , R.  S.
Time, if . C . h ay d en , K. 0. Gro eneveld , and R . S. Peterson , presented at the American
Phy s i c a l  S o c ie ty  Top ica l  Conference on Atomic  Processes in h u gh Temperature Plasma s ,
K n o x v i l l e , l e b ruary ,  1977.

“ ‘-.n = ()  Trans i t ions  ii~ h I gh ly  Ionized Ions , ” wi th  U. J. I’egg, I’ . N. G r i f f i n , S. B.
Elston , .J. P. Forester , K .  0. Croenevel d , I i .  C. h ayden , R.  S . Peterson , R. S. Thoc ,
and C. R.  Vane , in Proceed i ngs , N o r d i c  Symposium on Atomic and Molecular  T r a n s i t i o n
Prob ab i.l i t  ie s , I . Mart in so i i , ed. (Lunds h in iver i st et , Lund) , p. 8 (1977) .

“Production of Core-Exci ted  States of Li and Li~ in Co l l i s ions  wi th  Gas Targets , w i ~~
S. B. F i s ton , C. R.  Vane , J .  P. Forester , U. J .  Pegg, and S. R .  Schumann , D u l l .  Am .
Ph y s .  Soc. 22 , 655 (1977).

“ P r o j e c t i l e  Charge-Sta te  Dependence in K-Shel l  Ion iza t ion  of Neon , Sil icon , and
Argon Cases by Lithium P r o l e ct i l e s , w i t h F . K. Chen , C. Lap icki , IL Laubert ,
S. B. E ls ton , and IL S. P terson , Bull. Am . Phys. Soc. 22 , 655 (1977) .

“Lower L i m i t s  on Resolved Neon L-shel l  Exci tat ion Cross-sect ions by Impact of 1.5
MeV/A~~S

1
~~’ , C1 12

~ Ions ,” wi th  C.  R .  Vane , S. B. E l s ton , J .  P. Forester , P.  N .
G r i f f i n , U . .1 . Pcgg, R.  S. Peterson , IL S. Thoe , J . Wright , K. -0. Groeneveld ,
R. Laubert , and F. Chen , Bul l  Am. Phys.  Soc . 22 , 609 (1977) .

“Recoil  Ion Spectroscopy : Reduction of Doppler Shif ts  and Spreads in Fast Beam
Exper iments , w i t h  C. R. Vane , S. B. f l i s ton , J. P. Forester , P.  N. G r i f f i n , U .  J .
[‘egg, IL S . P e te r so n , R. S. Thoe , and K.  -0. Groeneveld , Bul l .  Am. Phys . Soc.
22 , 610 ( 1977) .

“Measurement of Al i gnme~its in Single ion-Atom C o l l i s i o n s  by a Quantum Bea t Method ’ ,
w i t h  .1 . Bromander , L. L i l j e b y ,  and L. Lundin , presented at the Fourth Internat iona l
Seminar  on Ion-Atom Coll is i ons , Darmstadt , Germany, July , 1977.

“Target Specificity Effects on the Production of Core-Excited States of Li and Li~
for 10 to 50 key Collisions of Li~ with Gas Targ ets”, wi th S. B. El ston , C. R. Vane ,
J. P. Forester , P. N . Gr if f in , U. J. [‘egg, S. Schumann , N . Suter and R .  S. Thoe
to be published in Bull. Am. Phys. Soc., November , 1977.

“St a rk Shifts and Broadening of Auger Lines of Uighly Ionized Atoms in Molecules
Af ter Heavy Ion Imp act” , with K. 0. Groeneveld , D. Rosich , S. Schumann , and Gy.
Szabo, to be published in Bu l l .  Am. Phys. Soc ., November , 1977.

“Quantum Beat Method of Measuring Alignments in Single ron-Atom Collisions ,“ with
J. B. Bromander , L. L i ljeby , and L. Lundin , to be published in Bull. Am . Phys.
Soc., Nov. 1977.

“Metastable Auger Emitter Lifetimes by a Delayed Coincidence Technique ,” wi th R.
Mann , Ii. J. hrischkorn , I). Rosich , S. Schumann , and Gy. Sz abo ,to be pub l ished in
Bull. Am. Phys. Soc., Nov . 1977.
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Invi ted Papers , Col l oqu ia , and Seminars:

“Polarized Proton Production ,” Physics Department Colloquium , New York Universit y
December , 1964. Also presen ted at h iaverf ord College , December , 1964.

“Radiative Level Shifts in h y drogen-like Ions ,” Physics Department Seminar,
University of Chicago , May, 1965.

“X-Ray Production by Low-Energy Ion Impact ,” Atomic Physics Seminar , New York
University, February , 1966.

“An Introduction to Quantum Electrodynamics ,” Sigma Pi Sigma Lecture , N ew York
University , May ,1966.

“Lamb Shift in Li~~ ,” inv ited talk , Yale  Univers i ty  Physics Department ,
Nove mber , 1966.

“Level Shifts in Lithium ,” Phys ics Depar tment Colloq uium , New York University,
March 1967.

“Lamb Shift in Lithium and Prospects for Measurements in Hydrogen-like Atoms
of Hi gher Z ,” Columbia Radiation Laboratory Resonance Seminar , Columbia
University, May, 1967.

“One- , Two- , and Three-Electron Atoms with Boosted Nuclear Charge,” Physics
Division Seminar , Oak Rid ge Na tional Labora tory , May , 1969.

“At,-’mic Physics and Accelerators ,” Oak Ri dge Associated Universities , Summer
Institute for College Teachers , August, 1969.

“Impulsive Interference Effects in Atomic Fine Structure,” Physics Department
Colloquium , Univers ity of Connecticu t, November 1969.

“Stark Coupling of Coherently Excited Fine Structure Levels ,” Physics Department
Colloq uium, Un i versi ty of Arkansas , Dec ember , 1969.

“Static Electromagnetic Fields as Probes of Ionic Fine Structure , Invi ted Paper ,
presented at the Second International Conference on Beam-Foil Spectroscopy ,
Lysekil , Sweden , June , 1970.

“Atomic Physics of Fast Ion Beams: Fine Structure Experiments ,” Invited Paper ,
presented at the Second Conference on the Use of Small Accelerators in Teaching
and Research , Oak Ridge , March , 1970.
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“A t o : i i c  Ph y s i c s  Accelera tor  E x p e r i m e n t s  at Oak Rid ge ,” In v i t e d  Paper , presented
at S o u t h er n  Col lc~’es and U n i v e r s i t i e s  Union  (SCUU) Mee t ing ,  Vande rb i l t
U n i v e r s i t y ,  August , 1970.

“Bi g Broth ers  of the H e l ium Ne ga t ive  Ion , ” Physics  h)epartm ent C o l l o q u i u m ,
tJ n i v e r ~; i t y  of Tennessee , January , 1971.

“C~’Iu ’ren t E x c i t a t i o n  Exper imen t s  in Atomic Collisions ,” Atomic Physics Seminar ,
B e l l  I c  lep hon c Lab ura to r i e s , Murray li i  11 , January , 1971.

“Rece nt  T~ n Bean At omic Physics  Fxper i  :~~nts  at OaL Ridge , “Atomic Ph ys ics
Semina r , Ph ysics  Depar tment , U n i v e r s i t y  of M assachuse t t s , January , 1971.

“ A t o m i c  Physics  of Fast Ion Beams : F in e  Structure Experiments  I I ,” Inv i ted  Paper ,
Oak R i d ge Associated U n i v e r s i t i e s , Summer I n s t i t u t e  of College Teachers , J u l y ,  19

“New R c.~u 1t s in  A t o m i c  Spectroscopy U s i n g  Fast  Ionic  and Atomic  Beams ,” I n v i t e d
Pap~ r, pr esented  in the Annual M e et in g  of the Div is ion  of Electron and Atomic
Phys i cs of the  Amer ican  Phys i cal Society,  B u l l .  Am. Phys. Soc. 16 , 1356 (1971) .

“M e t a s t a b l e  A u t o i o n i z i n g  States of Highly Stri pped and Exci ted Ion Beams ,”
R a d i a t i o n  Laboratory Seminar , New York IJniversity , December , 1971.

“N ew Me~~ s table  A u t o i o n i z i n g  States  of Hi gh l y  Stri pped Ions , ” Physics Depar tment
Co l l o q u i u m , U n i v e r s i t y  of Tennessee , December , 1971.

“Spectra of E lec t rons  Emi t t ed  by Fast , M etas table  Ion Beams ,” Experimental
Physics  Seminar , Harvard Un ive r s i t y ,  I)ecemher , 1971.

“Spectra  of E lec t rons  E m i t t e d  by Fast , Metas tab le  Ion Beam s ,” Physics  Seminar ,
U n i v e r s i t y  of Virg in i a , J anuary , 1972.

“Heav y Ion Atomic Phys i c s ,” Col loquium Presented at Dr. Jose Balseiro I n s t i t u t e
of Physics , Centro Atomico B ar i loche , Bar i loche , Argentina , May , 1972 .

“Au t a i o n iz a t i on  of Atoms Produced in Heavy Ion Co l l i si on ,” Invited Paper , in
Proceedings of the ORNL hicavy-lon Summer Study , Oak Ridge , Tennessee , AEC
CONE-720669, 551 (1972)

“Net ~vtablc Autoion izing States ,” Invited Paper, presented at the Third
Interu;~tiona1 Conference on Beam-Foil Spectroscopy, Tucson , Ari zona , October ,
1972.

“Metastabic States of Heavy— Ions ,” Physics Department Colloqu ium , University
of C ’or g i a , Athens , Georgia , 1)ecember , 1972.

“Met a s tab l e  Atomic States of Heavy ions I :  X-Ray Emitting States ; 11: X-Ray
and Auge r  E m i t t i n g  Stat es ; III: Auger Emitting States and Astrop hy s ical Top ics ,”
l e c t u r e  series presented at the Kansa s  S t a t e  University in January , 1973. Other
I cu t  urers were U . Al l an B ron cy , Fiigen Mcrzbachcr , h)ona 1 d ~uI so n , hi. Terry
For tune , J. U. Garcia , and Walter Greiner.
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“Heavy Ion Atomic Physics Experiments at 1-4 McV/nuclcon Energies,” Invi ted
talk , presented at the University of California , Berkeley , September , 1973.

“h eavy Ion Atomic Physics Experiments at 1-4 NeV/nucleon Energies ,” Invited
talk , presented at the Joint Institute for Laboratory Astrophysics, Boulder ,
Colorado , September , 1973.

“Recent Heavy Ion Atomic Physics Experiments at Oak Ridge ,” Colloquium , Virg inia
Polytechnic Institute , October , 1973.

“Recent Heavy Ion Atomic Collisions Experiments at Oak Rid ge ,” Colloquium ,
Un ive rs ity of Nor th Carolina , April , 1974.

“Recent Coherent Excitation and XIJV X-Ray Spectroscopy Experiments of Some
In terest to Nuclear and Optical Physicist,” Invited Paper , Bull. Am. Phys. Soc.
19 , 586 (1974).

“Recent Heavy Ion XUV X-Ray and Coherent Excitation Experiments at Oak Ridge ,”
Invi ted talk , Bell Telep hone Labora tories , Murray Hi l l , May, 1974.

“Accelerator Based Atomic Physics,” Physics Department Colloquium , Universi ty
of Georg ia , January , 1975,

“Heavy Ion Atomic Physics Exper iments with Accelerators ,” Invited seminar ,
Un iversity of Washing ton , February , 1975.

“Report on the Fourth International Conference on Beam-Foil Spectroscopy ,”
Invited seminar , hiahrt-Meitner Institute , Berl in , W. Germany , September , 1975.

“Novel Aspects of Recent Heavy Ion Atomic Physics Experiments ,” Invited seminar ,
the University of Freiburg, W. Germany , September , 1975.

“Applications of Beam-Foil Spectroscopy to Atomic Collisions in Solids,” Invited
Paper , presented at the Fifth International Conference on Atomic Collisions in
Solids , Amsterdam , the Nether lands , September , 1975.

Invited Paper , “Hi ghly Ionized Ions .” F u l l .  Am. Phys . Soc . 21 , 186 (1976) .

“Hi gh ly  Ionized Ions ,” Physics Depar tmen t Coll oquium, Vanderbil t University,
March , 1976 .

“Puzzles in the Atomic Physics of Heavy Ions ,” Invi ted Seminar , Physics
Di ision , Oak Ridge National  Laboratory , May, 1976.

~o 1ent C o l l i s i o n s  of h i g h l y  Ionized Ions , ” Physics Department Colloquium ,
Geurg ia State U n i v e r s i t y ,  June , 1976.

Inv i t ed  Paper , “Overcoming the Doppler Limitat ion in Beam-Foil Experiments by
Target Ion Spectroscopy ,” presented at the Fourth Conference on Appl ication of
Small Accelera tors , flenton , Tex as, October , 1976, Bull. Am . Phys. Soc, 21 , 1333
(1976).
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In v i t e d  Paper , ‘‘hh i gh Ion i ~at  I o n — E x c i  tat ion States of N~~
÷ Ions and their Mass—

Dependent Synunet n c Col l i s i o n  Interact ions , “ presented at the Annua l Meet i ng of
the A n e r  I can Pncscia I Society, Division of Electron and Atomic Physics , L i n c o l n ,
Nebra s h a • Decembe r , 1976 , Bul l  . Am. Phy s .  Soc. 21 , 1250 (1976)

“ h i ghl y Ioni:cd ions and their Symmetric Collision Interaction s ,” Physics Depart .
Colloquium , thn ivcr sity of Vi rg in ia , Charlottesvill e , January , 1977. Also pre-
sented at the P h y s i c s  I)epurt . Colloquium , University of Arizona , Tucson , Ar i zona ,
in J a n u a ry ,  1977 , N o r t h  C a r o l i n a  Sta te  t h u  versity, Ralei gh , in Janua ry , 1977; and
at the h’bysics Department Colloquium , U n i v e r s i t y  of Oklahoma , Norman , in l:el)rtjary ,
1977.

Inv i t ed  paper , “Cont r ibu t ions  of Beam-Foil  Spectroscopy to Osci ] l a t o r  S t rengths
of In t e re s t  in h igh Temperature Plasinas , ” presented at the American Physica l
Socie ty -Topica l  Conference on At omic Processes in h igh Temperature Plasma s,
K n o x v i l l e , J:ebru ary,  1977.

“The Beam Foi l Spectroscopy Program of Oak Ridge ” , Invi ted  Semina r , presented
at the Nobel Institute-Research Institute for Atomic Physics , Stockhol m , Sweden ,
March , 1977.

“Atomic Structure and Collisions of Highly Ionized Atoms”, Invited Semina r ,
presented at the University of Aarhus , Aarhus , Denmark , March , 1977. Also pre-
sented at the University of Copenhagen , Copenhagen , Denmark , March , 1977.

“Charge S t a t e  [)ependcnce i n  Ion-Atom Collisions ”, Invited Seminar presented at the
Swiss Federal Institute of Technology , Zur ich , Swit zerland , Apr i l , 1977.

“Physics of Collisions of High ly  Charg ed Projectil es wi th Atoms and Molec u les ”,
Physics Department Colloquium ,presen ted a t Texas A ~ H University, College Station ,
Tex as , May, 1977.

Invited paper , “Multi ple Electron Rearrangement in Heavy Ion-Atom Collisions ,”
presented at the Gordon Research Conference on Atomic Physics , Wolfsbor ough ,
New h hwl)Sh ire , .lu ly, 1977.

“M u l t i p le  Elec t ron  Trans i t ions  in Collisions of Highly Charged Projectiles with
Atomic and Molecular Targets” , Invited Seminar , presented at the tiniversity of
}:rankferr Frankfurt/N Germany , September , 1977. Also presented at the Gesellschaft
fur gchs rioneii forchu n g, I)armstadt , Germany , September , 1977.

“The Vi o l en t  M any-Elec t ron  Chemis t ry  of h i g h l y  Charged Ions ” , Physics  Department
Colloquium , University of Oregon , Nov ember , 1977. Also presen ted at the Un ivers ity
of Wa sh ing ton , November , 1977.
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OTHER SOURCES OF SUPPORT: SUBMISSIONS STAT12~IEWf

A two year grant from the National Science Foundation at an

annual support level of $59 , 750 commenced June 1 , 1977. Further

funding is contingent upon NSF renewal approval for any period beyond

May 30 , 1979. This NSF grant provides 52% of the direct support of

our program and about 22% of the total support . Present ONR support

provides 48% of our direct external support ; this is the first year in

wh ich ONR has not been able to supply more than 50% of our direct

external support. There is no other direct continuing funding of our

program. Indirect support is discussed in the section Institutional

Participation .

This proposal is not presently under considerat ion by any other

agency .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  

_ _ _  
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I NST I ThT I ONAL PART IC! P A I I ON AND 13U1)GET NOTES

In the past f ive  contract  years , the Un ive r s i t y  of Tennessee

purchased equi pment in excess of $160 , 000 valuat i on in support of our

ONR funded work . The U n i v e r s i t y  also provided in excess of 6 , 000 hours

of machine shop t i m e  at no direct cost . It wi l l  be noted these amounts

vas t ly  exceed the Unive r s i ty ’s corresponding legal  cost sharing commitm ents .

Because of static enrol lme nt and other budget pres sures , it is not assured

that  the Un ive r s i t y  can cont inue  to exceed its cost sharing commitments

by so generou s a margin .  The Physics Department hicad has , however ,

assured us of maximal help wi th in  his abi l i ty  to provide it.  With respect

to the teachi ng release cost sha ring provisions , the Universi ty has

consi stently released one-half of the time of the affected academic 
-

personnel as opposed to the one-third time commitment called for.

The very considerable indirect support afforded by this work through

the use of the nat ional fac i lities at ORN L and similar  installa tions has

already been discussed in the section on Facilities. For several

addi t ional reason s detailed below , it is anticipated that the direct

contract costs of the proposed research amount to appreciably less than

half  of the total cost of the proposed research.

This proposal asks for sufficient funds to employ the personnel

needed to carry out the proposed research and to continue development

of our new inst ruments in future accelerator experiments, at the Oak

R idge Nation a l Laboratory , the Brookhaven National Laboratory, the

German National Heavy Ion Accelerator (Unilac/GSI), and certain other

sites. Salaries for two postdoctoral research associates and the equivalent

for one graduate student are budgeted , together with summer salary for j
the principal investigator . Considering the several distinct kinds of 

— -~~~ — —-—— --- —~~ -———. — ——--— --— - - .- — —-- - —— - - - -—— - --
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experiments mentioned in the abstract, an oper ating staff of this

size seems reasonable. Other significant budget requests include

funds for exper imen tal equi pmen t specific to the proposed work , travel

funds to permit visitors from other institutions to join us in

collabora tive exper iments, travel funds to permit members of our users ’

group to travel to accelerators more remotely located than Oak Ridge ,

and some salary support for shop personnel and/or technical support help .

The cost of transporting heavy equipment and personnel to remotely

located accelerator sites accounts for the size of our travel bud get

request . It is fel t  that the abil i ty to travel to suitable

accelerator faci l i t ies  as an experiment requires is an important aspect

of our program . A compensating advan tage is that the applicable

overhead rate on salaries is that appropriate to off-campus sites,

a rate about half that a p p l y i n g  f o r  on-campus projects.

The far above average ins t i tu t iona l  support of our work (as

noted above) s igni f icant ly  reduces di rect costs, as does the free

use of accelerator and other faci l i t ies  at the national laboratories

mentioned .

Our principal need in carrying out the proposed experiments is

thus for sufficient  personnel to enable their pursuit and completion .

As is evident from the various sections of this  proposal dealing with

faci l i t ies  and equi pment already available , we are with few exceptions

well  equipped to carry out the proposed work . We enjoy the use of

f i rst - ra te  national faci l i t ies .  Qualified scient if ic  research personnel

arc our greatest continuing programmatic need. There is no other mean s

available to us other than through th i s  proposal for us to support
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such per sonn el. Whi l e t J TK has been ex cept ion al l y  generou s to our program

in prc~v iding (‘(ho il)HIeflt , i t s  budget legally permits retention of personae]

for instructional purposes only. In an era of level enrollments and hence

instructiona l personnel ceilings , support for university research personnel

through the mechanism of this proposal is the only  rea l i s t ic  hope we

have for carrying on these projects. While the $5,000 increase in

annual support level from ONR we receiv ed one year ago was espec ial ly

welcome in view of the absence of any increase whatever in the two

pr ior years , the average annual increase in support level has thus

been “.. 3%. The result has been contraction in the fraction of direct

support provided by ONR to less than a 50% share. This proposal

requests sufficient additional funds to reestablish a full 50% support

level for our program.
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